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2 Abbreviations

A Adenine

ABR Auditory brainstem response

ACTG1 Actin, gamma-1; MIM: *102560

ADGRV1 Adhesion G protein-coupled receptor V1; MIM:
*602851

bp Base pair

BDP1 B-double prime 1, subunit of RNA polymerase Il
transcription initiation factor Illb; MIM: *607012

CDH23 Cadherin 23; MIM: *605516

cDNA Complementary DNA

CEACAM16 Carcinoembryonic antigen-related cell adhesion
molecule 16; MIM: *614591

CHD7 Chromodomain helicase DNA-binding protein 7; MIM:
*608892

Chr Chromosome

CIB2 Calcium and integrin binding family member 2; MIM:
*605564

CLDN14 Claudin 14; MIM: *605608

CLRN2 Clarin 2; MIM: *618988

CNV Copy number variation

COL9A1 Collagen, type IX, alpha-1; MIM: *120210

COL9A2 Collagen, type IX, alpha-2; MIM: *120260

COL9A3 Collagen type IX alpha 3 chain; MIM: *120270

COL11A1 Collagen, type Xl, alpha-1; MIM: *120280

dB Decibels

DCDC2 Doublecortin domain-containing protein 2; MIM:
*605755

DFEN Deafness locus annotation (DeaFNess); also
represents non-syndromic X-linked
deafness locus annotation

DFNA Autosomal dominant non-syndromic deafness

DFNB Autosomal recessive non-syndromic deafness

DNA Deoxyribonucleic acid

DVD Deafness Variation Database

ECG Electrocardiogram

ES Exome sequencing

ESRRB Estrogen-related receptor, beta; MIM: *602167

ESPN Espin; MIM: *606351

ESTs Expressed sequence tags

GS Genome sequencing

G Guanine

GAB1 Grb2-associated binding protein 1; MIM: *604439

GAS2 Growth arrest-specific 2

gDNA Genomic DNA

GJB2 Gap junction protein, beta-2; MIM: *121011

GIPC3 GIPC PDZ domain-containing family, member 3; MIM

*608792




GPSM2

G protein signalling modulator 2; MIM: *609245

GRXCR1 Glutaredoxin, cysteine-rich, 1; MIM: *613283

HI Haploinsufficient/haploinsufficiency

HL Hearing loss

HGF Hepatocyte growth factor; MIM: *142409

LHFPL5 LHFPL tetraspan subfamily, member 5; MIM: *609427

ID Intellectual disability

ILDR1 Immunoglobulin-like domain-containing receptor 1;
MIM: *609739

KARS Lysyl-tRNA synthetase; MIM: *601421

kb Kilobase pair

kHz Kilohertz

LOH Loss of heterozygosity

LOF Loss of function

LOXHD1 Lipoxygenase homology domain-containing 1; MIM:
*613072

LR-PCR Long-range polymerase chain reaction

MAF Minor allele frequency

MARVELD2 MARVEL domain-containing protein 2; MIM: *610572

Mb Megabase pair

MIM Online Mendelian Inheritance in Man

mL Milliliter

MLPA Multiplex ligation-dependent probe amplification

mRNA Messenger ribonucleic acid

MYH4 Myosin, heavy chain 4, skeletal muscle; MIM: *160742

MYH9 Myosin, heavy chain 9, non-muscle; MIM: *160775

MYO3A Myosin IlIA; MIM: *606808

MYO6 Myosin VI; MIM: *600970

MYQO7A Myosin VIIA; MIM: *276903

MYO15A Myosin XVA; MIM: *602666

NGS Next generation sequencing

nt Nucleotide

OTOA Otoancorin; MIM: *607038

OTOF Otoferlin; MIM: *603681

OTO0G Otogelin; MIM: * 604487

PCDH15 Protocadherin 15; MIM: *605514

PCR Polymerase chain reaction

PNPT1 Polyribonucleotide nucleotidyltransferase 1; MIM:
*610316

PJVK Pejvakin; MIM: *610219

PTPRQ Protein-tyrosine phosphatase, receptor-type, Q; MIM:
*603317

PDZD7 PDZ domain-containing 7; MIM: *612971

RDX Radixin; MIM: *179410

gPCR Quantitative polymerase chain reaction

S1PR2 Sphingosine-1-phosphate receptor 2; MIM: *605111

SLC26A4 Solute carrier family 26, member 4; MIM: *605646

SLC26A5 Solute carrier family 26, member 5; MIM: *604943




SLC22A4 Solute carrier family 22 (organic cation transporter),
member 4; MIM: *604190

SNP Single nucleotide polymorphism

SNV Single nucleotide variant

STRC Stereocilin; MIM: *606440

SYNE4 Spectrin repeat-containing nuclear envelope protein 4;
MIM: *615535

TBC1D24 TBC1 domain family, member 24; MIM: *613577

TECTA Tectorin, alpha; MIM: *602574

T™™C1 Transmembrane channel-like protein 1; MIM: *606706

T™MIE Transmembrane inner ear-expressed gene; MIM:
*607237

TMPRSS3 Transmembrane protease, serine 3, MIM: *605511

TPRN Taperin; MIM: *613354

TRIOBP Trio- and F-actin-binding protein; MIM: *609761

USH1C Usher syndrome 1C/Harmonin; MIM: *605242

USHZ2A Usher syndrome 2A; MIM: *608400

USH3A Usher syndrome 3A/Clarin 1; MIM: *606397

WHO World Health Organization

WHRN Whirlin; MIM: *607928




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, COL11A71 and COL9AS3, 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 KARST 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 haufig 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 geschétzt, 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, einschlieBlich Splicing-Assays flir 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: CLRNZ2, das nicht-syndromalen sensorineuralen HL
verursacht. Diese Arbeit bestatigte auch den Nachweis einer Generkrankung fir zwei Gene,
COL11A1 und COL9AS3, 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. Darlber 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 Phanotypen 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 flr 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% [71.8-76.8]) 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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Figure 1 Global overview of environmental and genetic contributions to congenital HL

6.3 Audiometric and clinical aspects of HL

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

6.3.1 Classifications of HL

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

Conductive HL is due to abnormalities of the external ear or/and middle ear that prevent the
transfer of sounds from the outer to inner ear, making it difficult to hear soft sounds while louder
sounds may be muffled. Depending on the severity and the root cause, it can be treated partially
or fully by surgical intervention or pharmaceuticals (16). Sensorineural HL is due to defects in the
hair cells in the inner ear, the vestibulocochlear nerve or in the central nervous system (17). This
type accounts for about 90% of reported HL (18). Mixed HL is a combination of two above types.
Central auditory dysfunction or central auditory processing disorder is a rare and poorly
understood type of HL which impacts the central auditory nervous system. Patients with this type
have normal outer, middle and inner ear anatomy with maintained function; however, they have
problems in the neural processing of the auditory stimuli (19). This disease is primarily a condition
that affects children and is highly prevalent in patients with learning difficulties like dyslexia,
attention deficit disorder, and autism spectrum disorder (20). It can affect adults at different ages
with a variety of etiologies such as cerebrovascular disease, malignancy, and neurotoxicity (21).

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

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

6.3.3 Severity of HL

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

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

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

2).

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

Severity Lay description Decibel
range
Normal Normal hearing 0-19dB
Mild Has great difficulty hearing and understanding another person talking in a noisy place | 20-34
(e.g., on an urban street) dB
Moderate Is unable to hear and understand another person talking in a noisy place (e.g., on an | 3549

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

or on the telephone

Moderately Has difficulty hearing normal conversation and can only start to hear sounds that are | 50-64

severe as loud as or louder than heavy traffic dB
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Severe Is unable to hear and understand another person talking, even in a quiet place, and | 65-79
unable to take part in a telephone conversation; difficulties with communicating and | dB

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

Profound Is unable to hear and understand another person talking, even in a quiet place, is | 80-94
unable to take part in a telephone conversation, and has great difficulty hearing | dB
anything in any other situation; difficulties with communicating and relating to others

often cause worry, depression, and loneliness

Complete Cannot hear at all in any situation, including even the loudest sounds, and cannot | 95+ dB
communicate verbally or use a telephone; difficulties with communicating and

relating to others often cause worry, depression, or loneliness

6.4 Assessment of the auditory system

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

6.4.1 Audiometry

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

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

6.4.1.1 Configuration or shape of audio profile

The pattern of HL across frequencies is crucial in determining the underlying causes of hearing
impairment and guiding treatment options, such as hearing aids or cochlear implants.
Audiologists use audiograms, which graphically represent a person’s hearing thresholds at
various frequencies, to diagnose and classify the pattern and the degree of HL accurately. If the
audiogram is drawn in colours, red is for thresholds detected by the right ear, and blue shows
thresholds detected by the left ear (29).

The following are also the explanation of common patterns of audiogram (30):
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A person with normal hearing has no significant HL across the entire frequency range, typically
from 125 Hz to 8,000 Hz. Their hearing threshold levels are within the normal range for their age
group. The first pattern of HL is pantonal, or flat, HL shown as a flat audiogram with a uniform
degree of HL across all frequencies. It means that the hearing thresholds are similar for low, mid,
and high frequencies. Flat HL is often not varying more than 20 dB among the frequencies. The
second pattern is sloping HL, where the degree of HL increases as the frequency gets higher.
For example, a person might have relatively mild HL in the lower frequencies (bass sounds) but
a more significant loss in the higher frequencies (treble sounds). This pattern is common in age-
related HL (presbycusis). The third pattern is U-shaped (Cookie-Bite) HL, and it resembles a U
shape on the audiogram. It indicates that a person has better hearing in the low and high
frequencies but a dip in the mid-frequency range. U-shaped HL can be associated with genetic
factors or specific medical conditions. The fourth pattern is rising HL where the degree of HL is
better in the high frequencies and worse in the low frequencies. It can be caused by genetic
factors or specific medical conditions like enlarged vestibular agueduct syndrome (EVAS).

In Figure 2, four different categories are demonstrated with degree of severity of the audiograms
for hearing impairment. In this figure, the Y-axis represents the ‘Hearing Threshold’ in decibels
(dB) and measures the minimum sound intensity needed for a specific sound frequency to be
heard. Lower dB values represent softer sounds, while higher dB values represent louder sounds.
The X-axis shows the frequencies (measured in Hertz, Hz), and it means that a person’s ability
to hear can differ for low-pitched (low-frequency) and high-pitched (high-frequency) sounds. The
‘red circle” means unmasked air conduction thresholds in the right ear and “blue X” means

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

6.4.2 Objective measures

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

6.4.2.1 Auditory brainstem response (ABR)

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

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

6.4.3 Conduction tests

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

6.4.4 Tympanometry

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

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

6.5 Non-syndromic HL

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

As the search for novel genes is on-going, the exact number of genes causing the HL is not yet
possible to determine. Based on Hereditary HL database and last updated evidence, there are
148 genes associated with non-syndromic HL (33). Twelve genes (shown by a star in Table 3)
can be inherited in both autosomal recessive and dominant patterns. It is estimated that
autosomal dominant HL (represented by DFNA) comprises 20%, autosomal recessive HL
(represented by DFNB) characterizes 75-80%, X-linked (DFN) constitutes 2%, and deleterious
variants in the mitochondria represent 1% of all non-syndromic HL (7). Among the common HL-
associated genes in diverse populations, GJBZ2 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 TMC1 together explain 57%
of profound deafness (41). In the Chinese population, the most commonly involved genes are
GJB2, SLC26A4, and MT-RNR1 (42, 43). In the Iranian population, after first excluding GJBZ2 in
probands, over half of all diagnoses are attributable to variants in five genes: SLC26A4, MYO15A,
MYO7A, CDH23, and PCDH15 (44).

Several genes associated with non-syndromic HL are also associated with syndromic conditions.
GIPC3 is responsible for progressive sensorineural HL that can be associated with audiogenic
seizures. STRC causes deafness-infertility syndrome in males when deleted in conjunction with
CATSPERZ (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 CLRNZ2. 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
COL11A71 (51). The current work consolidates that splicing variants in COL11A1 cause non-
syndromic autosomal dominant HL in two unrelated families with several affected family

members.

Table 3 Non-syndromic HL gene list

Nr. Locus Key Reference
Locus (OMIM) Gene (OMIM) Key Reference (PubMed) Gene (OMIM)
(OMIM) (PubMed)
1 DFNB1A GJB2 Kelsell et al., 1997 DFNA1 DIAPH1 Lynch et al., 1997
2 DFNB2 MYO7A Liu et al., 1997; Weil et al., 1997 DFNA2A KCNQ4 Kubisch et al., 1999
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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: CDHZ23, CIB2,
ADGRV1, MYO7A, PCDH15, PDZD7, USH1G, USH1C, USH2A, CLRN1, and ARSG (52, 54-
57).

6.6.2 Pendred syndrome

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

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

6.6.4 Stickler syndrome

Stickler syndrome is inherited in both autosomal recessive and dominant manners, but most of
the genes for this syndrome are associated with a dominant inheritance pattern. This thesis
highlights Stickler type 6 as associated with rare biallelic variants in COL9AS. 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), COL9AT1 (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 Hirschsprung’s disease, a gastrointestinal malformation.
The following genes account for the different sub-types of this syndrome: EDN3, EDNRB, MITF,
PAX3, SNAIZ, and SOX10 (58).

6.6.6 Neurofibromatosis type 2

Neurofibromatosis type 2 is caused by pathogenic variants in NF2 leading to alterations in the
merlin protein. This condition is characterized by bilateral vestibular schwannomas, cafe-au-lait
spots, and subcapsular cataracts. Bilateral vestibular schwannomas are found in approximately
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95% of individuals with this condition, but typically do not cause symptoms until early adulthood
(61).

6.6.7 Treacher Collins syndrome

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

6.6.8 Branchio-oto-renal

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

6.6.9 Alport syndrome

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

6.6.10 Norrie syndrome

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

6.6.11 Otopalatodigital syndrome

Otopalatodigital syndrome is associated with craniofacial deformities, hypertelorism, flattened
midface, small nose, and cleft palate and includes: otopalatodigital syndrome type 1 (OPD1),
otopalatodigital syndrome type 2 (OPD2), frontometaphyseal dysplasia type 1 (FMD1), Melnick-
Needles syndrome (MNS), and terminal osseous dysplasia with pigmentary skin defects
(TODPD). These patients also have short stature and abnormalities in their toes and fingers such
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as varying lengths and spaces between digits. They also experience conductive HL due to
ossicular abnormalities. The molecular genetic diagnosis of this syndrome is identification of
pathogenic variants in the X-linked gene, FLNA (65).

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

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

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

that we performed in our cohort.

6.8 Pedigree analysis and family history

As HL can be caused by a variety of etiologies and exhibits diverse possible modes of
inheritance, family history and pedigree analysis are essential steps to understanding the
possible genetic contribution to HL and method for molecular genetic diagnosis. For many genes,
intrafamilial variability, variable expressivity and incomplete penetrance are described. Drawing
an informative pedigree requires that the information from at least three generations be collected.
The information in pedigrees provides hints about the mode of inheritance, how to interpret
variants of uncertain significance and prioritize segregation studies after identification of the
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primary finding as diagnostics. For example, if an identified variant is of uncertain significance,
and we know, based on the pedigree, that there are additional affected and unaffected
individual(s) in the family, it is recommended to perform Sanger sequencing to segregate the
variant in the family members. These segregation results help clarify the variant of uncertain
significance by either adding more strength for its probable pathogenicity or supporting its
exclusion as in the case of discordant segregation. Family history is also helpful to evaluate the
genetic finding. For instance, if a variant arises de novo, it means the disease is most likely

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

6.9 Patient recruitment

The patient cohort included 166 index patients from Iran and Germany with various forms of
hearing impairment. The inclusion criteria were flexible to include patients with all types of
suspected hereditary non-syndromic and syndromic HL (sensorineural, conductive, or mixed)
with variable degrees from mild to profound. The age of onset and age of last measurement were
important in our documentation process. Suspected hearing loss due to an environmental cause
led to study exclusion (Figure 3).

*  Medical and birth history
*  Audiometric assessment
*  Three generations pedigree

Physical examination

[Suspected acquired HL ]

Yes] [No]

[Provide CMYV testing, imaging, or

ather (ot busedion suspscisd # If HL is nonsyndromic, (+7B2 will be screened in proband by Sanger sequencing

etiology (e.g., rubella, meningitis)

# (.JB2-negative patients will be screened by ES

# For families with syndromic HL, they will be directly sent for ES

Y

# For families with a negative exome result, GS will be done

[Acquired etiology conﬁrmed‘.’J

¥

[Acqujred etiology conﬁrmed?J

[Yes] [No}——

¥ Reconsider potential acquired
and genetic etiologies

¥ Provide additional testing and
imaging based on [indings

[Yes

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

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

Based on ACMG guideline for the evaluation and diagnosis of HL and following study inclusion
and exclusion criteria, the following steps were performed.

6.10.1 GJBZ pre-screening
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GJB2is 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 ¢.235delC p.Leu79Cysfs*3 and ¢.109G>A p.Val37lle (72).

As GJBZ2is 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 GJBZ 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). MaxEntScan uses the ‘Maximum Entropy Principle’ to account for both adjacent and non-
adjacent dependencies between positions. This approach generalizes most previous probabilistic
models of sequence motifs, such as weight matrix models and inhomogeneous Markov models.
MaxEntScan provides a score for potential splice sites within a DNA sequence, aiding in the
prediction and analysis of splice-altering single nucleotide variants (76). GeneSplicer is a
computational method used for predicting splice sites in genomic DNA of various eukaryotes. It
has been trained and tested successfully on several organisms, including Plasmodium falciparum
(malaria), Arabidopsis thaliana, human, Drosophila, and rice which aids in understanding of gene
structure and function (77). NNSplice is an in-silico tool used for predicting splice sites in genomic
DNA sequences. It uses a neural network-based approach to identify the 5’ and 3’ splice sites,
which are crucial for pre-mRNA splicing. By accurately predicting these splice sites, NNSplice
aids in the understanding of gene structure and function and can help identify variants that may
disrupt normal splicing (78).
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Figure 4 A splicing variant visualized in Alamut tool

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

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

ESEfinder and RESCUE-ESE. The figure 5 depicts these predictions, using the CLRNZ 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)—short oligonucleotide sequences that enhance pre-mRNA

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

Using ESEfinder and RESCUE-ESE, the splicing sequence patterns were explored in both the wild-type (upper
panel) and mutated (lower panel) human sequences at position ¢.494. The nucleotide at c.494 is highlighted in red.
Above each sequence, ESE hits are indicated. Additionally, the green boxes below the nucleotide at c.494
corresponds to RESCUE-ESE hexamers. Notably, the ¢.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 COL71A171 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 CLRNZ as a novel autosomal recessive non-syndromic HL
gene (DFNB117). Collaborating in a significant study, | was also involved in establishing the role
of SPATA5L 1 in both syndromic and non-syndromic (DFNB119) HL. Furthermore, novel variants
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in CDC14A, ADGRV1, IPO8, PIGS, and KARS1 were confirmed through in vitro functional study
(minigene assay). The minigene findings contribute valuable insights into the functional impact

of these variants.

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

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

Cell Division Cycle 14A (CDC14A) is associated with DFNB32, as well as hearing impairment
and infertile male syndrome. This gene is located on chromosome 1p21.2 and is essential for
centrosome separation and productive cytokinesis during cell division (82). In addition to being
present in the kinocilia of hair cells, this gene is also found in the basal bodies and sound-
transducing stereocilia of the mouse inner ear (83). Mice with a homozygous variant in Cdc14a
experienced postnatal degeneration of hair cells, although their kinocilia remained normal in
length. Additionally, these mice exhibited degeneration of seminiferous tubules and defects in
spermiation, leading to infertility in males (84). Before this study, only nine genetic variants have
been published related to HL, of which, five also associated with male infertility. Biallelic variants
in this gene cause varying degrees of HL severity from moderate to profound. In this study, ES
and gene mapping approaches were performed in two unrelated families (family 1, lranian 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.Ser348GiInfs*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 CDC174A. 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
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synaptic vesicles at the IHC synapse. Biallelic pathogenic variants in this gene cause autosomal
recessive profound deafness (DFNB9). All pathogenic and likely pathogenic variants reported in
literature or clinical database entries were collected (Leiden Open Variation Database v3.0
(LOVD v3), the DVD, ClinVar, and the Human Gene Mutation Database (HGMD)). This included
84 missense, 44 frameshift, 43 nonsense, 36 splice site, 7 in-frame duplications or deletions, 3
CNVs, as well as 1 stop loss and regulatory variant each. Additionally, we reviewed the broad
phenotypic spectrum reported in patients with variants in OTOF that includes milder HL, as well
as progressive and temperature-sensitive HL. By the end of preparation of our publication, 220
pathogenic and likely pathogenic variants in OTOF were reviewed and curated.

Studies in Otof-knock-out mouse models revealed that in the absence of otoferlin from IHCs, very
few neurotransmitter-filled synaptic vesicles fuse with the plasma membrane (85). Thus, acoustic
stimuli still generate receptor potentials in the IHCs (and OHCs), but this information is not passed
to the auditory pathway. In vitro studies indicating that otoferlin can interact with neuronal SNARE
proteins contributed to the hypothesis that otoferlin acts as a synaptotagmin-like Ca?+ sensor for
exocytosis (86). However, later studies revealed that such neuronal SNAREs are expressed at
only very low levels in IHCs and are absent from IHC synapses (87). Instead, the mechanism of
vesicle fusion might rely on a uniqgue 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
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In Japanese patients with auditory neuropathy/synaptopathy, biallelic OTOF variants were
uncovered in 56% of cases that included the identification of a founder variant ¢.5816G>A
p.Arg1939GiIn (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: ¢.1544T>C p.lle515Thr, c.1621G>A p.Gly541Ser, c.4819C>T p.Arg1607Trp,
c.3239G>C p.Arg1080Pro, ¢.2093G>C p.Arg698Thr, ¢.5410_5412delGAG p.Glu1804del,
c.4981G>A p.Glu1661Lys, ¢.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—-40°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 Dbiallelic variants of OTOF or auditory
neuropathies/synaptopathies of other origins is not reliably possible with OAE screening.
However, in most countries, OAE assessment is the preferred method for screening in the first
year of life, which may result in deafness not being diagnosed during this critical period, leading
to missed opportunities for cochlear implantation. Therefore, it is recommended that newborn
hearing screening protocols include ABRs, or a combination of OAEs and ABRs, to support early
diagnosis. In this review, we introduced the currently favored gene therapeutic approach involves
replacing the defective gene by transducing IHCs with correct cDNA by means of recombinant
adeno-associated viruses (AAVs), reviewed in (95). Two separate trials have since shown
promising results for this gene (96, 97). In this review, | 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-1 chain (COL11AT7) is associated with autosomal dominant Marshall

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

Two novel heterozygous variants in COL11A1 were identified that each disrupt canonical splice
sites: NM_080629.2:c.652-1G>C (ClinVar Accession: RCV000487702.2; LOVD Genomic
Variant Accession: 0000686099) and NM_080629.2:¢.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 ¢.652-1G>C genetic variant that
identified two aberrant in-frame splice effects: r.652_663del p.Gly218 GIn221del and
r.652_666del p.Gly218_GlIn222del. For the second variant, ¢.4338+2T>C, the minigene assay
showed three abnormally spliced amplicons including r.4338_4339ins4338+1_4338+4
p.Gly1447Alafs*12; r.4338_4339ins4338+1_4338+30 p.Gly1447Alafs*9 and r.4285 4338del
p.Gly1429_ Met1446del. In this study, | 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 COL171A1-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 COL11A7T mRNA is
in the tectorial membrane and suggested its mutation affects normal cochlear function (99).
Moreover, the pleiotropy exhibited by this gene, like other genes that are associated with
syndromic and non-syndromic HL, remains to be fully characterized. In summary, this work
characterized two novel splice altering variants associated with DFNA37, providing confirmatory
evidence of COL11A1 as a bona fide autosomal dominant non-syndromic HL gene. It is
recommended that COL11A7 be included in the routine diagnostic testing of patients with both

syndromic and non-syndromic forms of deafness.

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

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

33%), and acquired arthrogryposis (2/6, 33%).
Table 4 PIGS genetic findings in five families

Family Variant c¢. and p. positions | Zygosity Comment

number (NM_033198.4)

Family 1 | c.174G>C Homozygous The in vitro functional study was

and 2 p.GIn58His confirmed its impact on splicing

Family 3 c.1070G>A Homozygous within a 10-Mb block of homozygosity
p.Gly357Asp

Family 4 €.986C>G Homozygous Two affected, one deceased
p.Pro329Arg

Family 5 c.1141_1164dup24 Compound Confirmed the trans status in parents
p.Asp381_Val388dup and heterozygous
C.734G>A p.Trp245*

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.Glu12Alafs*31.

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

7.5 A biallelic variant in CLRNZ2 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 CLRNZ-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 CLRNZ2 ¢.494C>A variant probably affects protein function
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in two ways: (1) as a missense variant (p.Thr165Lys) producing a mutant full length protein and
(2) as a splice variant leading to intron retention.

In order to explore the crucial function of clarin 2 in the inner ear, zebrafish clrn2 mutant
phenotype and Clrn20el629/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 CLRNZ2 has been implicated as a gene responsible for
deafness in humans, which has been confirmed through animal studies. Further investigation of
families with CLRNZ 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 /PO8 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 (202-441 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 (¢.2407C>T p.Arg803*, ¢.82C>T p.GIn28*,
and ¢.2129C>G p.Ser710*, and ¢.728delC p.Pro243Leufs*27). One of the homozygous variants
was a splicing variant (c.2695+3_2695+7delAAAGT) and two were missense variants (¢.262G>A
p.Asp88Asn and c¢.2500C>T p.Arg834Trp). The compound heterozygous variants were
frameshift variants leading to a premature stop codon (c.2279delT p.Leu760ProfsTer10 and
¢.1538delC p.Pro513Leufs*13) in trans with a splicing (¢.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 /PO8 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-blind 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 Alstrébm 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 (ADGRV'1 ¢.9623+3A>C and PDSS2 c.702+1G>A splice variants). The minigene assay
of the ADGRV1 variant identified that the main donor splice site was not used and instead two
cryptic donor splice sites in exon 44 were used, yielding an in-frame deletion r.9495_ 9623del
p.Tyr3166_Arg3208del, frameshift deletion r.9530_9623del p.Gly3177Glufs*5, and partially
caused skipping of exon 44 r.9448 9623del p.Ala3150Serfs*11. The minigene assay for the
PDSS2 variant detected that this variant causes skipping of exon 4, leading to an in-frame
deletion r.631_702del p.Val211_Lys234del.

In summary, the findings from this study unveiled novel variants that contribute to the enrichment
of existing scientific literature. It suggested that patients with dual sensory loss as the primary
symptoms may suffer from various syndromes that include both hearing and vision impairment,
not only limited to Usher syndrome, and can include mild symptoms or the absence of additional
symptoms defining the syndrome. In many instances of monogenic disorders, the genotype does
not accurately predict the phenotype. Variants found in patients with highly variable phenotypic
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manifestations can also be present in seemingly healthy individuals, highlighting the importance
of variable expressivity and reduced penetrance.

7.8 Biallelic variants in KARS1 are associated with neurodevelopmental

disorders and HL recapitulated by the knockout zebrafish (Attachment 8)
Aminoacyl-tRNA synthetases (ARS) are a class of enzymes that charge tRNAs with their cognate
amino acids. KARST1 (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 KARS7 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 KARS7 (c.379T>C
p.Phe127Leu) variant, and although they shared common symptoms such as developmental
delay, infantile-onset profound HL, dysmorphic facial features, spasticity, and varying degree of
joint contractures, several important symptoms were expressed only by one of them. This
included regression, epilepsy, optic atrophy, failure to thrive, and hyperactivity.
An animal model (zebrafish disease model) was generated and phenotype to attempt to
recapitulate the patients’ symptoms. In the brain of 5-day-old larvae, kars1~~ mutants exhibited
a vacuolated spongiosis appearance with reduced cell density and disorganized segment
boundaries compared to their wild-type siblings, as revealed by histological analysis. Additionally,
the mutants showed a significant reduction in eye volume and complete loss of retinal layer
organization, strongly indicating impaired vision. Furthermore, staining showed a marked
decrease in the number of neuronal cells in both the brain and retina of the kars?1”~ mutants
compared to controls. Abnormal motor neuron morphology was also observed, including

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

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

Overall, this study expands on the range of symptoms associated with KARST 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 KARS7-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 SPATAS5L1 lead to intellectual disability, spastic-dystonic

cerebral palsy, epilepsy, and HL (Attachment 9)
A substantial cohort of individuals with SPATAS5L1 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 SPATAS5L1 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)
COL9A3 serves as a good example of a gene that exhibits clinical heterogeneity. Previous
studies have shown heterozygous variants in COL9A3 as causing multiple epiphyseal dysplasia
type 3. It also has been shown that heterozygous COL9A3 variants have been identified as
causing peripheral vitreoretinal degeneration and retinal detachment. Collagen IX proteins,
encoded by COL9A1, COL9A2, and COL9AS3, together form fibril heterotrimer-associated
collagens. COL9A1 and COL9A2, are causally associated with autosomal recessive Stickler type
4 and type 5, respectively. Through aggregating three unrelated families with deleterious biallelic
variants in COL9A3, we confirmed its association with Stickler syndrome type 6.
By performing ES in three families, three LOF variants: (c.107_116del p.Pro36Argfs*49,
rs1470627424) in exon 2, (c.1204C>T p.Arg402*, rs989413835) in exon 23, and (c.355delC
p.Leu119Serfs*9) in exon 7 were identified. We gathered detailed clinical information and
measurements from our patients compared to previous publications and confirmed that short
stature and cleft palate were not observed in this sub-type of Stickler syndrome. Interestingly, the
degree of hearing loss is variable for this syndrome, ranging from moderate to profound (Figure
6), for details see the attachment 10 in the appendix section.
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Figure 6 Audiogram from three patients with biallelic COL9A3 variants

Before this study, four unrelated families were reported with homozygous LOF variants in this
gene with overlapping phenotype (100-103). The current study confirmed that variants in

homozygous status cause recessive Stickler syndrome, therefore designating it as Stickler
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syndrome type 6. OMIM’s gene-phenotype curation of this gene was updated following
publication to include Stickler syndrome type 6.

In summary, this report consolidates that homozygous LOF variants in COL9AS3 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 DFNAS3 locus (Attachment 11)

The original family that mapped the DFNAS3 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 ATP711A is responsible for autosomal dominant non-syndromic HL
(DFNAB84) (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 DFNAS33
locus may also be assigned to ATP11A.

After GS and analysis, we identified a deep intronic variant in ATP11A intron 8
(chr13:113421269C>G (GRCh37), ENST00000375630: c.725 + 737C>T p.?) that was predicted
via in-silico tools to activate exonic splice enhancers. A minigene assay showed that this intronic
variant does not change the normal splicing process; therefore, the variant was classified as likely
benign (PM2_Supporting, BP4_Supporting, and BS3_Strong; -4 points (likely benign point
range: -6 to —1)) (106). After conducting short-read GS, this study determined that ATP11A is
not the gene responsible for the DFNA33 locus. In this study, | 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)

MPD/Z, 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.Arg1170*) 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: g.13121739_13121749del, ¢.5223_5231+2del p.Gly1742_Arg1744del. 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.Ala1665Thr, ¢.5362G>C p.Val1788Leu, ¢.5701G>C p.Ala1901Pro) were
classified as variants of uncertain significance. The auditory electrophysiology data from a
knockout murine model (Mpdzem!(MPC)Jem1(MPC)))  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, | was involved in characterization of two novel genes: CLRNZ2, 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 CLRNZ in HL as
only one other report has very recently been published following the original gene discovery study
(107). Regarding SPATA5L1, only a specific variant in a particular population has been shown
to cause non-syndromic HL; however, further investigation is required to confirm whether this
may be true of other variants.

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

We have identified a potential novel gene associated with HL that is at an early stage of
characterization. Besides functional studies, in vitro and animal models, we require further human
cases. Consequently, we continuously monitor new cases by searching in different diagnosis
labs and using specific tools like GeneMatcher.
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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 2
HLRB11 p Tyri26llefs'64 Besiiale Congenital progressive Yes Pakistani Imtiaz et al. [4]
HLAT2A 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‘ﬂfﬂul‘ld, 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 Congenital modcrntv&m-pmfnund, No Pakistani Imtiaz et al. [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 . . . 3
Iranian family p.Arg376Ter Fomndls Congenital severe-to-profound No Iranian Delmaghani et al. [3]
i c.1421+2T=>C X .
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
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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 .
D 934C>G p.Arg345Ter
p.Arg312Gly
@ ed76delT 1126C>T &
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
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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
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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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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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Abstract: The OTOF gene encodes otoferlin, a critical protein at the synapse of auditory sensory
cells, the inner hair cells (IHCs). In the absence of otoferlin, signal transmission of THCs fails due to
impaired release of synaptic vesicles at the IHC synapse. Biallelic pathogenic and likely pathogenic
variants in OTOF predominantly cause autosomal recessive profound prelingual deafness, DFINB9.
Due to the isolated defect of synaptic transmission and initially preserved otoacoustic emissions
(OAES), the clinical characteristics have been termed “auditory synaptopathy”. We review the broad
phenotypic spectrum reported in patients with variants in OTOF that includes milder hearing loss,
as well as progressive and temperature-sensitive hearing loss. We highlight several challenges
that must be addressed for rapid clinical and genetic diagnosis. Importantly, we call for changes
in newborn hearing screening protocols, since OAE tests fail to diagnose deafness in this case.
Continued research appears to be needed to complete otoferlin isoform expression characterization to
enhance genetic diagnostics. This timely review is meant to sensitize the field to clinical characteristics
of DFNB9 and current limitations in preparation for clinical trials for OTOF gene therapies that are
projected to start in 2021.

Keywords: DFNB9; otoferlin; sensorineural hearing loss; auditory synaptopathy/neuropathy;
temperature-sensitive auditory neuropathy; progressive hearing loss

1. Introduction

Sensorineural hearing loss is one of the most common sensory deficits in humans, affecting one
to two per 1000 newborns in developed countries [1]. Over the past 25 years since the discovery
of the first deafness gene, more than 120 genes have been causally associated with non-syndromic
hearing loss (https://hereditaryhearingloss.org/) and over 6000 disease-causing variants have been
identified [2]. As most variants implicated in hearing loss are small insertions/deletions (indels) or
single nucleotide variants [2], high-throughput sequencing is a well-suited method to rapidly allow for
a deeper understanding of the spectrum of variants involved in deafness and their consequences on
the auditory phenotype.

Using a candidate gene approach, the DFNB9 locus (OMIM: 601071) was mapped to chromosome
2p23.1in 1996 by studying a genetically isolated family from Lebanon [3]. Three years later, the gene
OTOF (OMIM: 603681), encoding a transmembrane (TM) protein called otoferlin, was mapped to the
DFNB9 locus and identified as causing prelingual autosomal recessive, non-syndromic deafness [4].
Biallelic pathogenic variants in OTOF cause auditory synaptopathy due to deficient pre-synaptic
neurotransmitter release at the ribbon synapse of the inner hair cells (IHCs) [5].

Since its initial identification, about 220 pathogenic and likely pathogenic variants in OTOF have
been identified. In addition to an expanded understanding of the types of variants in otoferlin that
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cause deafness, the structure and function of otoferlin have been extensively characterized through
functional studies that have greatly informed experimental therapies. This review covers the challenges
of clinically diagnosing OTOF-associated hearing impairment, the spectrum of phenotypes that have
been observed in patients with OTOF variants and a current review of genotype-phenotype correlations.

1.1. Mouse Studies Reveal Insights into Otoferlin Function

Otoferlin is distributed throughout the cytoplasm and plasma membrane of IHCs with the
exception of the most apical part that forms the cuticular plate and tight junctions with neighboring
cells (Figure 1). In addition, type I vestibular hair cells and immature outer hair cells (OHCs)
express otoferlin, yet the physiological function for this expression in the mature inner ear is still
unclear [6,7]. Although the mRNA of otoferlin can be isolated from several tissues including the
brain, clear immunohistochemical proof of otoferlin protein expression outside hair cells is missing.
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 [5,8]. Thus, acoustic stimuli
still generate receptor potentials in the IHCs (and OHCs), but this information is not passed to the
auditory pathway. In vitro studies indicating that otoferlin can interact with neuronal SNARE proteins
contributed to the hypothesis that otoferlin acts as a synaptotagmin-like Ca®* sensor for exocytosis [5,9].
However, later studies revealed that such neuronal SNAREs are expressed at only very low levels in
[HCs and are absent from [HC synapses [10]. Instead, the mechanism of vesicle fusion might rely on
a unique molecular mechanism in IHCs [11]. 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 [12]. However, the Ca®*-binding
capability of the site targeted in this study is still under debate (see Section 5).

Figure 1. Expression of otoferlin in a row of inner hair cells (THCs). Maximum projection of optical
confocal sections, scale bar: 10 um (modified from [13]). The dotted white line marks the cell boundary.

Notably, mouse models with reduced levels of otoferlin revealed additional functions for the
protein at the synapse: In these models, Ca®*-triggered vesicle fusion still occurred, which allowed
for the observation of synaptic processes that are closely linked to exocytosis. In this way, it was
uncovered that the rate with which synaptic vesicles are regenerated, supplied to the active zones of the
synapses, and rendered competent for Ca>*-triggered fusion depends on the quantity of otoferlin in the
basolateral plasma membrane of IHCs [8,13]. A reduction to ~3% of otoferlin protein levels in the plasma
membrane in the pachanga mouse model still enabled IHCs to release transmitter in response to short
(<10 ms) stimuli, but strongly impaired the synaptic transmission for longer stimuli [8,13]. This was
attributed to a defect in accomplishing vesicles competent for fusion—also termed “priming” or “vesicle
replenishment to the readily releasable pool of vesicles”. As a result, in a living organism, such THC
synapses are constantly deficient of fusion-competent synaptic vesicles. Consequently, no auditory
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brainstem responses (ABRs) can be recorded in these animals [8,14], as this requires the synchronous
action potential firing in the auditory pathway for hundreds of stimulus repetitions.

A milder reduction to 35% of wild-type otoferlin levels in the plasma membrane of a mouse model
for the human p.Ile515Thr substitution halved the rate of vesicle replenishment compared to normal
hearing controls [13]. This only mildly affected the auditory threshold but impaired the ability to detect
changes on top of sustained stimuli. In this mouse line, stimulation of exocytosis resulted in enlarged
synaptic vesicles. Together with the finding of otoferlin immunoreactivity on endosomal vesicular
structures, it was concluded that otoferlin is involved in the reformation of synaptic vesicles from bulk
endosomes [13]. This is in agreement with the finding that otoferlin interacts with the clathrin adaptor
protein AP2 [15,16]. Presumably, otoferlin is retrieved from the plasma membrane mostly by bulk
endocytosis. On the large endosomal structures, clathrin-coated pits appear, supposedly forming novel
synaptic vesicles [13,16]. In conclusion, the proper function of the synapse being able to faithfully
transmit highly fluctuating acoustic stimuli to the auditory pathway requires a high expression and
proper localization of otoferlin. In contrast, low otoferlin levels allow for the transmission of acoustic
signals as long as individual synapses are only sparsely activated.

1.2. Otoferlin Isoforms

The structural diversity of OTOF has been expanded since its identification to include long
and short isoforms that make use of distinctive transcription and translational start sites, as well as
alternative splicing of exons 6, 31, and 47. The short and long isoforms range from 28 exons spanning
21 kb [4] to 48 exons across 90 kb [17], respectively. In total, two long and three short isoforms have
been identified in humans. Long isoforms are characterized by the presence of six (or seven) C;
domains and a C-terminal transmembrane (TM) domain, whereas the short isoforms are comprised of
only the final three C; domains and the TM domain [17]. C; domains are globular domains composed
of antiparallel 3-sheets, which are known for Ca®* and phospholipid binding. In humans, the short
isoforms are comprised of isoform b (NP_004793) and d (NP_919304), each with 1230 amino acids and
isoform ¢ (NP_919303), with 1307 amino acids, employing an alternate starting exon, compared to the
long isoforms a (NP_919224) and e (NP_001274418), which both encode 1997 amino acids.

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 [17].

The two long isoforms of otoferlin can be distinguished by virtue of tissue mRINA expression and
subtle differences in exon usage at the 3’ end of the gene. Isoform a was identified from brain cDNA
libraries with a termination codon in exon 47 [17]. An alternative splice isoform has been identified in
the human cochlea that exclusively uses exon 48 to encode the C-terminus (isoform e, [18]), but lacks
exon 47, a finding that was consistent with the mouse [17]. Moreover, pathogenic variants in exon 48,
but not exon 47, indicate that the isoform that skips exon 47 and makes use of the termination codon in
exon 48 seems to be the predominant isoform in the human cochlea [18-20].

Limitations in obtaining mRNA from human IHCs has presented a major bottleneck in profiling
and quantifying the relative fractions of all otoferlin isoforms. According to Yasunaga et al. [17],
an alternative splice acceptor site in exon 31 may be employed, eliminating 20 amino acids from the
longest variant. This alternative splicing was predicted for the short isoform b and seems to be the
predominant variantin mouse inner ear tissue [13]. In the presence of this 20 amino acid “RXR” motif, the
p.Ile515Thr substitution caused a retraction of mouse otofetlin from the plasma membrane, which was
not the case for the p.Ile515Thr-protein lacking the RXR motif. The authors of this study speculated that
the phenotype found in patients with the p.Ile515Thr substitution would be best explained if the human
cochlea expresses a mixture of both splice variants [13]. Furthermore, transcript analyses suggest
the presence of so far undetected exons (described in Section 3.4 below). Despite these uncertainties,
we recommend that human OTOF sequence analysis utilizes the reference sequence for variant e,
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NM_001287489, encoding the 1997 amino acid protein, NP_001274418. Furthermore, we propose that
OTOF variants from human molecular genetic diagnostic laboratories that are deposited in clinical
variant repositories be adjusted to this reference sequence.

2. Hallmarks of Audiometric Testing in DFNB9 Patients

Since its discovery, OTOF-associated hearing loss in humans has presented several challenges,
making the selection of clinical diagnostic protocols an essential undertaking for an early diagnosis.
Based on the finding that OTOF variants disrupt presynaptic function in IHCs rather than neuronal
function, a change in terminology from “auditory neuropathy” to “auditory synaptopathy” has been
adopted to more precisely describe this. A lesion to the neural pathway that transmits signals from the
cochlea to the brain is clinically characterized by an absence of ABRs and the presence of otoacoustic
emissions (OAEs). The testing of OAEs indicates proper functioning of cochlear amplification by the
OHCs. As OHCs and IHCs employ the same protein machinery for mechanotransduction at their
stereocilia bundle, any malfunction of this can be excluded if OAEs are present. Similarly, both hair
cell types depend on proper endolymph composition and endocochlear potential as the driving force;
a functional deficiency which would be detectable in altered OAE recordings. However, patients with
OTOF variants lose OHC function, occasionally within the first year, and in about one-third of cases
in the second year of life, with only few individuals displaying OAEs in early adulthood [20-22].
Therefore, individuals without OAEs should be considered for genetic testing that includes OTOF.

As is true for all forms of auditory neuropathy or synaptopathy, newborn hearing screening that
tests for OAEs, e.g., with distortion product otoacoustic emissions (DPOAEs) or transient evoked
otoacoustic emissions (TEOAEs), fail to detect a hearing disorder in most cases, as OAEs are initially
present. Passing OAE tests despite profound deafness can be misleading and, in the worst-case
scenario, prevent parents and pediatricians from pursuing a more complete audiological diagnostic
testing. ABRs in patients with synaptopathies are typically absent, even for high sound pressure
levels, making them well-suited for the detection of profound deafness. Moreover, even mild forms
of hearing loss result in abnormal ABRs in case of DFNB9 (see below). However, as ABR testing is a
more time-consuming procedure, this is not routinely applied in newborn hearing screening protocols,
delaying the diagnosis of a baby with congenital auditory synaptopathy by months or even years
until it is recognized and confirmed. In children with OTOF variants, behavioral audiometry, with
or without visual reinforcement, can indicate severe to profound hearing loss across all frequencies.
While some patients display residual hearing in the low-frequency region (with thresholds of ~75 dB
hearing level (HL) for 250 Hz; e.g., [23]), pure tone audiograms may be flat, or bowl-shaped, but in all
such cases, average thresholds are above 90 dB HL.

A reliable diagnosis of even mild forms of hearing loss caused by OTOF variants is of
relevance, especially for young children whose speech acquisition may become strongly impaired.
Moreover, a precise diagnosis will also help later in life to specify impairments of speech comprehension,
which, for example, may explain why following multiple speakers is much more exhausting for DFNB9
listeners than for normal hearing listeners. Despite pure tone audiograms being only mildly or
moderately affected in such cases, ABRs are mostly abnormal, indicating higher thresholds than
expected from psychophysical testing. ABR waves I to IIT are hardly detectable and waves IV and V are
delayed [24]. Speech comprehension testing should be performed both in silence and in background
noise, the latter of which is typically strongly affected.

A more specific test for this type of synaptopathy would be to quantify the time required for
synaptic regeneration. This could be done by gap detection tests, i.e., silent gaps of different length in
broadband noise. Intact IHC synapses accurately detect the onset of the white noise after a gap as
short as 2—4 ms in humans, at least after some training [25]. This depends on the ability of the THC
synapse to reliably induce a precisely timed postsynaptic action potential at the onset of the white noise
after the silent interval, which will require readily releasable synaptic vesicles. Although this has not
been systematically tested in patients with mild forms of DENB9, we expect that silent gaps will need
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to be substantially longer to be detected by the probands [26]. On average, animal models with the
p.Ile515Thr mutation required 17 ms silence (interpolated value, [13]) to detect the gap, whereas normal
hearing mice can perceive gaps as short as 1-2 ms [27].

The combination OAE recordings and ABR or pure tone audiometry are, in principle, sufficient
to diagnose hearing impairment due to OTOF mutations. Other tests do not provide additional
information as, for example, even at high sound pressure levels (SPLs), no auditory reflexes can be
elicited, which confirms the absence of auditory evoked signal transmission indicated by absent signals
in ABRs. In only a few cases, transtympanic electrocochleography (ECochG), with a recording electrode
placed at the promontory wall, will be of use for diagnoses. However, since it requires local anesthesia
of the tympanic membrane and is rather invasive, it is questionable if this justifies the limited additional
information. ECochG is employed to record the summating potential (SP), cochlear microphonics and
compound action potentials (CAPs). Cochlear microphonics originate from functional OHCs such that
this recording would be redundant to OAE tests, although amplitudes of cochlear microphonics can be
highly variable [23,28].

Recording the SP in response to click stimuli may add novel information in particular cases when
OAEs are absent, but might be hard to interpret. Since the SP derives from the depolarization of inner
and outer hair cells [29], the depolarization of the IHCs may still result in a small but measurable
SP even if OHCs are degenerated. This can help to distinguish from forms of hearing loss involving
the stereocilia and/or the mechanotransduction channels, since, in this case, no depolarization of hair
cells occurs.

CAPs that record the first action potential in the auditory pathway are absent in some DFNB9
patients, while others exhibit a prolonged CAP with reduced amplitude, at least for single click
stimuli [23]. Repetitions of click stimuli with short interstimulus intervals of 2.9 ms abolish CAP
responses. Findings from a detailed assessment of pre- and postsynaptic function in the pachanga
mouse model (p.Asp1772Gly) can likely explain this observation: The IHCs in this animal model
display intact synaptic signal transmission for short (<10 ms) interspaced stimuli, given that the
interstimulus intervals allow for sufficient recovery [8]. Under repetitive stimulation, as in ABR
recordings, the strong defect in vesicle replenishment abolishes reliable signal transmission. In single
auditory nerve fiber recordings, the first spike was found to be highly variable in timing and was,
on average, delayed, which is likely to reflect the prolonged CAP response. The spike rate in pachanga
mice reached up to 200 spikes/second (compared to >400 spikes/second in wild-type mice), but only
when stimuli were presented once every two seconds (0.5 Hz stimulus frequency) [8]. Increasing the
stimulus frequency to 10 Hz strongly diminished neural responses (<10 spikes/second) except for the
very first trials. Therefore, we infer that the CAP signals for isolated click stimuli in DENB9 patients
indeed originate from an auditory evoked neural response and are prolonged due to the increased first
spike latency. Presenting repetitive click stimuli to these patients—a second stimulus after 15 ms and
subsequent ones at 33 Hz—strongly reduced or even abolished these CAP responses, which might be
the direct equivalent to the diminished neural spiking found in the mouse models. The reason for this
is that the replenishment of synaptic vesicles is strongly slowed down when the amount of otoferlin at
the IHC plasma membrane is reduced [8,13]. Thus, long silent intervals are required to regenerate the
first auditory synapse to enable another cycle of auditory evoked synaptic transmission.

However, why is the CAFP response absent in some DFNB9 patients, or prolonged and with a
small amplitude in others? This question arose in a study that analyzed CAP responses in patients
with various types of variants in the OTOF gene. Two frameshift variants were associated with absent
CAPs in two patients [23]. Individuals with biallelic premature stop variants exhibited the largest
CAP response in this study, while the amplitude of the CAP was intermediate in patients with one
frameshift and one premature stop variant. While frameshift variants cause termination of the amino
acid chain in all cases, stop codon read-through can occasionally occur with an efficiency of up to 3—4%
(reviewed in [30]). As only 3% of the otoferlin protein is localized at the plasma membrane in pachanga
mice, it is tempting to speculate that an OTOF gene with premature stop codons described in this study
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may have undergone partial natural stop codon read-through, inducing residual synaptic function of
an order of magnitude as in pachanga mice.

3. Molecular Epidemiology of OTOF-Associated Hearing Loss

3.1. Swmmary of Variants ldentified in Otoferlin

By virtue of being one of the first deafness genes identified, OTOF has been tested in molecular
genetic diagnostic settings for over two decades, allowing an estimate of the global burden of
OTOF-associated hearing loss. There are presently 219 genetic changes that are classified as pathogenic
or likely pathogenic according to the literature or clinical database entries (Leiden Open Variation
Database v3.0 (LOVD v3), the Deafness Variation Database (DVD), ClinVar, and the Human Gene
Mutation Database (HGMD)) (Table S1). This includes 84 missense, 44 frameshift, 43 nonsense, 36 splice
site, 7 in-frame duplications or deletions, 3 copy number variations, as well as 1 stop loss and regulatory
variant each (Figures 2 and 3, Table 51).

3.2. Population-Based Diagnostic Rates of Otoferlin

The prevalence of OTOF-associated hearing loss varies according to population background.
For example, OTOF variants account for approximately 5% of genetic diagnoses in the Turkish
population [31], and 3.1% of diagnoses in the Pakistani population [32]. A common founder variant
(p-GIn829*) was identified in 3% of Spanish cohorts [21,33]. In other populations, OTOF has been identified
as a cause of hearing impairment in 3.1% of Taiwanese [34], 2.4% (primarily) European-American [35],
2-3% of Pakistani [18,32], 1.9% of French [36] and 1.7% of Japanese [37] patients who were not
pre-selected on the basis of auditory neuropathy/synaptopathy. In Iranian patients, a study that
included 38 consanguineous patients identified only one family with a homozygous frameshift variant
(c.1981dupG, p.Asp661Glyfs*2) and suggested OTOF is not a major contributor to hearing loss in the
Iranian population [35].

3.3. Diagnostic Rates of Otoferlin in Patients with Auditory Neuropathy/Synaptopatiy

Auditory synaptopathy with prelingual onset has been identified in patients with genetic
aberrations in a small subset of genes (PJVK, OPA1, and DIAPH3 (AUNAT1 locus)), and a limited number
of suspected cases in a few other genes such as GJB2 [39—-44], although the GJB2 cases are controversially
discussed [45]. The unique phenotypic presentation of DFNB9 makes a targeted selection for OTOF
screening in patients for genetic testing rather successful. As exemplified by a study that included
Japanese patients with auditory neuropathy/synaptopathy, biallelic OTOF variants were uncovered in
56% of cases that included the identification of a founder variant (p.Arg1939GIn) [46]. The p.GIn829*
founder variant was identified in 87% of patients diagnosed with auditory neuropathy/synaptopathy
in the Spanish population [21]. Another founder variant (p.Glu1700GIn) in Taiwanese patients with
progressive, moderate-to-profound hearing loss was identified that diagnosed 23% of a selected
patient cohort of 22 individuals with auditory neuropathy/synaptopathy [47]. A study that screened
the OTOF gene in 37 Chinese patients with congenital auditory neuropathy/synaptopathy had a
diagnostic yield of 41.2% [48]. On the contrary, a study that involved the screening of 73 Chinese
Han patients with auditory neuropathy/synaptopathy resolved only 5.5% of patients and uncovered a
temperature-sensitive variant, which was lower than anticipated and demonstrates a high diagnostic
variability [49].
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Figure 2. Overview of OTOF variants that are classified as pathogenic/likely pathogenic in the databases ClinVar, Leiden Open Variation Database v3.0 (LOVD v3),
the Deafness Variation Database (DVD) or Human Gene Mutation Database (HGMD). Variants in the upper part of the figure are non-truncating, variants below are
truncating. Black text indicates homozygous variants, blue and green text represents compound heterozygous and heterozygous variants, respectively. Orange text
show variants that are reported in databases without a publication reference with undetermined zygosity. Purple text indicates two different variants on the cDNA
level that cause the same protein-level change. Variants are annotated according to NM_001287489.1, encoding NP_001274418.1, or isoform e.
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Figure 3. Overview of OTOF splice variants according to ClinVar, Leiden Open Variation Database v3.0 (LOVD v3), the Deafness Variation Database (DVD) or the
Human Gene Mutation Database (HGMD). Black text indicates homozygous variants, blue and green text represents compound heterozygous and heterozygous
variants, respectively. Orange text shows variants that are reported in databases without a publication reference with undetermined zygosity. Variants are annotated
according to NM_001287489.1, encoding NP_001274418.1, or isoform e.
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3.4. Missing Variants

The diagnostic yield of patients with audiological hallmarks of DFNB9 suggests multifaceted
deficits in general isoform and variant knowledge, as well as possible technical limitations. Beyond the
possibility of additional genes harboring causally associated variants that evoke the same clinical
features, there are several reasons explaining why patients with auditory synaptopathy due to biallelic
variants in OTOF remain undiagnosed after molecular genetic screening. Such reasons include possible
limitations stemming from methodology (e.g., sequencing coverage gaps), missed copy number
variations that either fall below the detection resolution of commonly used microarrays in genetic
diagnostics or missed due to uneven high-throughput sequencing coverage, especially in the case of
exome sequencing, or deep intronic variants that are not captured in targeted enrichment approaches.
Furthermore, variant interpretation bottlenecks that could also be due to incorrect transcript usage
in variant annotation, current limitations in knowledge about the pathogenicity of rare variants and
lack of opportunity for segregation testing in families that can complicate outcomes for definitive
statements about variant pathogenicity. Another hypothesis points to variants occurring in currently
unannotated exons.

Sequence analysis is primarily focused on exonic regions and relies on the complete understanding
of gene isoform structure (i.e., exon annotation). The cochlea is encased in one of the hardest bones of the
body, making it one of the least accessible tissues for transcriptome studies. However, many microarray
and RNA-seg-based studies using the human and rodent whole cochlea have ensued since the early
2000s [50,51]. Though challenging, single-cell isolation of the inner ear and long read single-cell
RNA-seq have recently been performed in mice at several developmental time points [52] to reveal
cell-type defining genes and pathways. Long-read sequencing and isoform analysis has identified
unappreciated splicing heterogeneity and expression of cell-specific isoforms with unannotated
exons [52]. A recent study marked a crucial gap in this understanding in many well-studied genes,
such as Otof, by mapping a novel non-coding exon 6b and suggesting an in-frame exon 10b (Figure 4).
Extending this finding by annotating novel OTOF exons in humans could yield significant implications
for undiagnosed patients who would otherwise fit the characteristic DFNB9 phenotypic spectrum.

4. Genotype-Phenotype Correlations in DFNBY Patients

The uniformity of available clinical and genetic information about the current set of identified
variants is highly variable. For example, reported variant zygosity (i.e., homozygous versus compound
heterozygous) and the extent of audiological characterization and recorded onset in patients are highly
heterogeneous. Most variants lack recorded audiological information. Generally, biallelic OTOF
variants cause congenital or early onset (n = 114) hearing impairment. Few variants have been identified
with progressive hearing loss (n = 3). Seven variants have been linked to temperature-sensitive hearing
loss, five of which are located within C, domains. While premature stop and frameshift variants
typically cause profound prelingual deafness, non-truncating variants can cause a highly variable
phenotype. Depending on the localization and the physico-chemical properties of the substituted
(or deleted) amino acid residues, variants can severely affect protein stability and contribute to protein
degradation. In some cases, the deterioration of protein folding is less severe, leaving some endogenous
otoferlin at the plasma membrane that may vary with age and body temperature. This typically
results in mildly to moderately elevated thresholds in pure tone audiograms but severely impaired
speech comprehension. Notably, patients with point mutations and residual otoferlin expression report
perceiving a fading out of a tone burst presented with constant intensity [23,53]. These characteristics
of hearing impairment seem to be true for both types of moderate auditory synaptopathy that include
the temperature-sensitive and progressive variants.
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Figure 4. Overview of the Ofof transcript structure based on single-cell RNA-seq data from mouse IHCs. (a) Transcript structure of Otof, with exon 1 on the right side
of the figure. Exons are depicted as gold bars. Ensembl transcripts Otof-201 (upper isoform, encoding 1997 amino acids) and Otof-202 (lower isoform, encoding 1992
amino acids) are shown. (b) The read depth of each exon is shown in green, with the highest covered regions showing regions in red. Note that maximum read peaks
(red) correspond with exons shown in (a) if they are expressed in the IHC. (¢) Mammalian conservation track for Otof. Conserved sequences are shown in blue and
those not conserved are shown in red. The predicted novel exons 6b and 10b are marked with black boxes. This figure was generated by querying morlscrnaseq.org
using the “Transcript Structure Browser” tool [52].
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4.1. Temperature-Sensitive Auditory Synaptopathy

Temperature-sensitive auditory synaptopathy has been reported by parents observing profound
deafness as soon as their children are febrile. Mirroring daytime changes in body temperature,
fluctuations in speech comprehension have been described, which was least affected in the early
morning and progressed throughout the day to a point where vocal communication is hardly
possible [24]. Even a slight increase in body temperature from 36.5 to 36.8 °C in the course of a
day seems to attenuate auditory perception. However, in addition to increased body temperature,
acoustic exposure is likely higher during the daytime than at night, which may aggravate hearing
impairment due to defective synaptic regeneration. Potentially, both body temperature and increased
sound stimulation compound to impair speech comprehension during daytime.

When measured in febrile conditions, both an elevation in pure tone thresholds and zero speech
comprehension can confirm the diagnosis of temperature-sensitive auditory synaptopathy. The first
variant discovered causing temperature-sensitive auditory synaptopathy, p.Ile515Thr [54], has been
extensively studied in a mouse model [13]. At normal body temperature, the hearing phenotype
of these mice mirrored what is observed in the affected human siblings. When afebrile, they have
tremendous difficulties understanding speech in background noise despite having almost normal pure
tone audiograms. In the mouse models, ABR thresholds were mildly elevated, 10 dB SPL for click
stimuli and ~20 dB SPL across tone burst frequencies at the age of 3-4 weeks. When the same mice were
tested again at the age of 8 and 25 weeks, ABR thresholds increased to an average of 80 dB SPL for tone
bursts and to 50 (8 weeks) to ~75 dB SPL (25 weeks) for click stimuli. In parallel, ABR wave amplitudes
were strongly diminished. In contrast, behavioral tests and auditory nerve fiber recordings revealed
only mild threshold shifts in these mice at that age. This correlates well in patients with impaired
ABR despite only mild threshold elevations in psychophysical tests. In mice, single auditory nerve
fiber recordings were employed to assess the effect of the presynaptic impairment on action potential
generation. In agreement with the presynaptic deficiency in replenishing vesicles, the spike rate in the
auditory nerve decreased with longer acoustic stimuli or with upscaling of the stimulus frequency,
representing a correlate of the auditory fatigue observed in humans. Moreover, the timing of the first
spike after sound onset was of greater variability compared to normal hearing controls. In addition,
the phase locking to amplitude modulated tones was strongly impaired. If this timely precision of
spiking is lower, click sounds or consonants will become blurred. With respect to human hearing, these
deficits most likely explain difficulties in speech comprehension and the abolishment of the latter in
background noise. At elevated temperature, patch clamp recordings revealed a decrease in exocytosis
when cells were heated from near-physiological (35-37 “C) to elevated temperatures (38.5-40 °C).
This was especially obvious for wild-type IHCs, indicating that even the wild-type otoferlin protein is
very sensitive to elevated temperature and may unfold rather quickly [13]. However, the wild-type
protein seemed to be capable of re-folding, as it gained back initial exocytosis when temperature
was lowered to <29 °C. In contrast, the IHCs in the p.lle515Thr model showed impaired recovery,
suggesting that the destabilization of the substitution in the C;C domain reduces the likelihood of
proper refolding. This interpretation would be in concordance with the observation that patients regain
hearing a few hours after temperature-induced deafening, which would be consistent with the time
required for de novo synthesis of sufficient quantities of otoferlin.

A similar phenotype to the p.Ile515Thr variant was described in humans with the p.Gly541Ser
variant, which also localizes to the C;C domain of otoferlin [24,46]. In addition, temperature-sensitive
auditory neuropathy has been described for the p.Argl607Trp variant in the C;E domain [24,49] and
for an individual with compound heterozygosity for the p.Gly614Glu and p.Arg1080Pro substitutions,
the latter of which resides in the C;D domain [55]. Remarkably, patients with the p.Arg1607Trp
substitution in homozygosity or compound heterozygosity reported hearing loss that ameliorated
with increasing age [24]. An in-frame deletion, p.Glul1804del in the C;F domain, was also attributed to
temperature-dependent hearing loss [56]. Notably, no other genes apart from OTOF have been
associated with temperature-sensitive forms of hearing loss and all cases presenting a similar
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phenotype in the literature have disclosed pathogenic OTOF variants, regardless of population
background. All described substitutions seem to cause only slight destabilizations of one C; domain.
However, since mutations in different otoferlin C, domains cause a similar phenotype, we consider
it unlikely that each of the substitutions causes heat-sensitivity of the protein. Rather, as shown
in Strenzke et al. [13], even the native otoferlin protein is considerably temperature sensitive at
38.5-40 °C. 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.

4.2. Progressive Hearing Impairment

Progressive forms of OTOF hearing impairment have been described for three variants:
p11e1573Thr, p.Glul700GIn and p.Ter1998 Argext30Ter [46,47,57]. In all cases, the hearing impairment
onset was prelingual, but the severity ranged from mild to profound at onset, even for individuals
with the same variant.

The homozygous p.Glu1700GIn substitution was identified in several Taiwanese families [47].
In patients from three families, hearing loss was initially mild and became moderate to severe within a
few years. In two other families, affected individuals were identified with severe or profound hearing
impairment already at the first hearing assessment at the age of two and one years of age, respectively.
The reason for hearing loss progression and variability of the onset severity is currently unknown since
the linker region between the C;E and the C;F domains, in which this substitution lies, has not been
studied so far.

A homozygous p.1le1573Thr substitution was identified in a child with parental consanguinity,
in whom hearing deterioration correlated with age [57]. This substitution in the 6th B-strand of the
CE domain likely reduces the stability of protein folding. The four children of this family were
found to have mild (9 years of age), moderate (11 y, 13 y) or severe hearing loss (17 y). All children
displayed OAEs. Absence of ABR waves in the 9-year-old child (the only one tested) is in concordance
with the severe abnormality described for all DFNB9 patients, even those with only mildly elevated
hearing thresholds. A follow-up of the progression of hearing impairment of this family has not been
performed so far.

A stop loss variant p.Ter1998 Argext30Ter associated with progressive hearing impairment was
found in compound heterozygosity with the p.Arg1939GIn substitution [46]. Since the latter causes
profound hearing loss in homozygosity, the early onset, moderate hearing loss, with a steeply sloping
audiogram in one ear and a gently sloping audiogram in the other, is presumably due to the elongation
of the C-terminus. The C-terminal TM domain (amino acids 1964-1984), as well as the 13 amino acids
more downstream, are highly sensitive to substitutions (see Section 5.)

In summary, progression of hearing impairment was typically observed over the course of a few
months or years, such that affected individuals reached profound deafness in the second decade of life.
Presumably due to the residual otoferlin function, OAEs remained preserved in these intermediate
forms of hearing impairment; thus, affected individuals may be candidates for gene therapies even
in adulthood.

5. Localization and Presumed Effects of Single Amino Acid Substitutions in Otoferlin

Many of the non-truncating variants affect the Cy, FerA and TM domains, meriting a broader
discussion about domain functions and deteriorating effects due to substitutions. C; domains are
globular domains comprised of eight antiparallel -strands, many of which bind phospholipids and
Ca”. Since the Ca’*-binding site is localized in the structure to five specific aspartate residues in two
top loops, the Ca?*-binding ability can be reasonably predicted from the sequence. With respect to the
CoA domain, the structure of the rat protein, which is 91% identical and 96% similar to the human
otoferlin C; A domain, has been solved with X-ray crystallography [58]. Since only one aspartate is
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present in the two top loops at respective positions, the C;A domain was predicted not to bind Ca?*,
which was confirmed experimentally [58-60].

Different from substitutions in the other otoferlin C; domains, neither amino acid replacements
in the -strands nor in the loops of the C; A domain cause malfunction of the protein. The reasons
for this might be first, that the C3A domain folds much more stably than the other C; domains.
Crystallization from heterologous expression has been successful for the C; A domain. However,
despite laborious efforts from several research groups, this has not been the case for other C; domains
so far, presumably because higher protein dynamics prevent the forming of crystals. Notably, the same
seems to be true for the myoferlin and dysferlin C, domains, of which only the structures of the C; A
domains could be resolved to date [61]. Whether the high flexibility of the ferlin C;B-C,F domains is a
biological defect or a feature relevant for proper function remains to be determined. The second reason
why substitutions may be tolerated well in the CoA domain is that this domain does not bind Ca®* or
phospholipids [58-60] and thus might be not directly involved in the process of Caz"-t—riggered vesicle
fusion or Ca®-dependent vesicle replenishment.

Prediction of Ca®*-binding sites or the location of pathogenic substitutions in the other C; domains
is rather challenging due to the low sequence similarity of the otoferlin C;B to C;F domains to C;
domains with known structure. Automatic domain annotation algorithms such as SMART (EMBL,
Heidleberg, Germany) [62] do not predict the extent of these domains reliably. We therefore employed
Phyre2 to predict the structures of these domains, which is based on homology modelling and makes use
of all structures in the protein data bank (PDB) database [63] (Figure 5). Within the predicted structures,
we mapped the substitutions causing profound deafness (shaded in orange), and substitutions causing
milder forms of hearing loss (shaded yellow/red; Figure 5). With the exception of the 7th and 8th
{3-strand of the C;E domain and the 7th [-strand of the C,;F domain, all 3-strands could be localized
in the predictions. The first top loop connecting B-strands 1 and 2 and the third top loop between
[-strand 5 and 6 comprise five aspartate residues (blue fonts) that coordinate one to three CaZ* ions.
Consistent with experimental data revealing that the C;A domain does not bind Ca?", its first top loop
misses the motif containing the first aspartate, and, in the third top loop, the three aspartate sites are
replaced by neutral or positively charged amino acids. Similarly, the C;B domain comprises only one
aspartate residue in the top loops, indicating that this C; domain cannot bind Ca?*. Consistent with
this prediction, one lab found no Ca?* binding for the C;B domain using microscale thermophoresis
assays [59]; however, other labs did find indications of Ca?* binding with other tests (e.g., [60]).

The same is true for the C;C domains, for which some labs found Ca®* and phospholipid binding,
while one other lab found that this domain binds Ca®* only after including a phosphomimetic mutation
in the first top loop (replacing the blue shaded threonine in the first loop by a glutamate, since this
threonine is a site for activity-dependent CaMKII& phosphorylation [59]). The actual structure prediction
reveals a very long top loop 1, even slightly longer than the one on the PKCa C; domain, comprising a
predicted (otoferlin C;C) and a confirmed (PKCe) a-helical region. The PKCa C; domain does bind
phospholipids, but not Ca®*. For the otoferlin C;C domain, one aspartate resides in the first top loop and
two aspartates to a short top loop three, allowing no clear prediction whether this domain can bind Ca?*.
We presume that the Ca?* binding of this domain likely depends on posttranslational modifications
such as phosphorylation and the direct domain environment, which could be phospholipid membranes,
interacting proteins, or both. In a mouse model in which two aspartate residues in the C;C domain were
replaced by alanine residues, exocytosis appeared to be slightly slowed [12]. This finding would be
consistent with such a context-dependent Ca?*-binding ability of this domain, but also with interfered
phospholipid binding due to altered domain folding.

The C;D and C;E domains exhibit the five canonical aspartate residues at respective positions in
the top loops, and experimental data confirm that both domains bind Ca?* and phospholipids [60].
Nevertheless, for the CoE domain, the precise localization of the last two f-strands could not be
predicted with the algorithm and the current dataset of structures. Since a growing number of structures
is solved and deposited in databases, future structure predictions might result in a reasonable model of
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the position of the two -strands. Pathogenic single amino acid substitutions in these domains typically
lie within B-strands (Figure 5), likely destabilizing the structure of the domains. The effect is nicely
demonstrated in an ENU-mutagenesis induced mouse line, deaf5]cs, with a p.Ile318Asn substitution in
the 5th B-strand of the C;B domain (indicated with green shading in Figure 5). Immunohistochemical
analyses of mouse IHCs revealed almost complete absence of the protein, despite mRNA transcripts
were present [64], most likely because misfolding of one domain leads to proteasomal degradation of
the mutated protein.
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Figure 5. Alignment of otoferlin C; domains A to F with -strands in brown fonts and «-helices in green
fonts. The structure of the C2A domain was resolved by X-ray crystallography ([58], PDB accession
code 3L9B, www.rcsb.org). The structures of the other C; domains were modelled by means of
Phyre2 [63]. The two last fi-strands of the C3E domain and the 7th -strand of the C;F domain could
not be reliably predicted due to low sequence homology. In case the modelling of the 3-strands is
rather uncertain, amino acids are depicted in purple font. The aspartate residues that coordinate Ca*
are depicted in blue fonts, in case several aspartates or glutamates could potentially play a role for
Ca?* co-ordination in dark blue fonts. Pathogenic variants leading to profound deafness are shaded in
orange. Those causing moderate hearing loss are shaded in yellow, and if the hearing loss appears to
be temperature sensitive, in red. Shading in green indicates mutations in deaf mouse models, deaf5/cs
in the C;B domain and pachanga in the CoF domain [14,64]. Threonine or serine residues that were
found to be phosphorylated by CaMKII$ are shaded in blue [59]. Few pathogenic variants affect the
CaMKII consensus phosphorylation site, which is RXXS or RXXT.

Structure predictions have hinted to a seventh C; domain, termed Cyde, between the C;D and
the C;E domains that spans amino acids 1143-1220 according to the Pfam algorithm. Due to the low
sequence similarity and the rather short length of this predicted domain, it is currently unclear if this
region folds as a C; domain at all. One frameshift and three splice site mutations have been found in
this potential domain, but so far no non-truncating pathogenic variant (Table S1).

The C;F domain seems to be the most unconventional and most susceptible to alterations ultimately
leading to protein malfunction. There are presently 18 reported pathogenic/likely pathogenic variants
mapping to this domain.

The first top loop comprises eight negatively charged amino acid residues that could potentially
contribute to Ca?* co-ordination. Three aspartate residues reside in the canonical positions of the third
top loop. Substitution of one of the aspartates in the first top loop (p.Asp1750His) and two in the third
top loop (p.Asp1834Asn and p.Aspl842Asn) are each pathogenic. Accordingly, Ca** co-ordination
seems plausible and has experimentally been confirmed [59,60], despite the fact that the precise folding
of the first loop is unable to be predicted. Since these Asp>Asn substitutions in the third loop do not
change the hydrophobicity, we presume that the Cat affinity is strongly reduced by these substitutions,
indicating that Ca** binding to the C;F domain is essential for proper function.

Different from the other otoferlin C; domains, where only two amino acids form the bottom
loop between (3-strands 2 and 3, the loop in the C,F domain is predicted to be longer and consists of
hydrophobic tryptophane residues flanked by positively charged side chains. This loop comprises
the p.Asp1772Gly mutation found in pachanga mice which strongly reduced plasma membrane
association of otoferlin [8,13,14]. This indicates that this loop structure, also found in other ferlin C;F
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domains [65], seems to be crucial for a partial insertion into phospholipid membranes. Despite homology
modelling with alignments with different structures leaving some uncertainty about the beginning
of the subsequent B-strand, the consensus prediction of this -strand includes the position of
three consecutive amino acids whose substitutions cause profound hearing loss (p.Asp1777Gly,
p.Vall778lle, p.Vall778Fhe, p.His1779Tyr). Moreover, these three amino acids reside just before a
CaMKII$ phosphorylation site, 51782, and might interfere with the binding of the CaMKII$ and thus
phosphorylation [59]. The subsequent bottom loop comprises two glutamate residues. The deletion
of one (p.Glul804del) causes temperature-sensitive auditory neuropathy, presumably because the
shortening of this loop destabilizes the domain. Thus, it seems as if the C;F domain is especially sensitive
to point mutations and that Ca?* and phospholipid binding are crucial for proper protein function.

The function of the FerA domain for synaptic transmission is presently less clear. Small-angle
X-ray scattering and in vitro experiments indicated that this domain is comprised of four «-helices,
which are connected by a dynamic linker region [66]. The FerA domain binds to phospholipid
membranes that is enhanced by Ca®t. Four non-truncating substitutions have been identified in
the FerA domain so far, but three of those could not be linked to a phenotype (heterozygous, or no
reference). The fourth homozygous substitution found in a Taiwanese family alters the second helix
(p.Leu760Pro). This suggests that misfolding of the FerA domain is not tolerated, indicating a role for
the FerA domain for synaptic transmission that requires further studies.

Substitutions of amino acids in the TM domain cause variable severities of hearing loss.
The homozygous p.Pro1987Arg substitution causes early onset, severe to profound hearing impairment,
in this specific case, with a bowl-shaped audiogram [19] (Table 51). A three base pair deletion
(p.Leul967_Lys1968delinsGIn) at the TM domain caused early onset, mild hearing loss, similar to
the p.Ter1998 Argext30Ter [46]. This is likely due to the mechanism by which this tail-anchored
structure is inserted into the membrane. Once translation of the amino acid chain has been completed,
the C-terminal amino acids bind to the chaperone TRC40 and this complex is targeted to the TRC40
receptors WRB and CAML, which insert the C-terminus into the phospholipid membrane [67,68].
These mutations likely interfere with this tail insertion mechanism, thereby reducing the amount of
otoferlin at the plasma membrane, leading to a moderate hearing impairment. In contrast, variants
truncating the amino acid chain behind the C;F domain and before the TM domain, such as p.GIn1883Ter
or the c.5833delA deletion (p.1le1945Serfs*4), cause profound deafness, indicating that the TM domain
is essential for protein function [45].

6. Current and Future Therapies for DFNB9

The established therapy for individuals with severe to profound hearing loss due to otoferlin
deficiency is currently cochlear implantation. Since this prosthetic bridges the first auditory synapse,
which is the only part of the auditory pathway involved in DENB9, patients benefit well from these
devices and gain good or even excellent speech understanding. However, the most sensitive period
for developing the capability to understand spoken language is within the first two years of life.
It is, therefore, critical to implant patients as early as possible. This requires an early diagnosis,
but most children with severe to profound hearing loss due to variants in OTOF pass newborn
hearing testing because, in most countries, the assessment of OAEs is the method of choice for
screening. These children are typically diagnosed at a later stage after parents report a severe delay
in speech development. Knowing that deafness, either due to biallelic variants in OTOF or auditory
neuropathies/synaptopathies of other etiologies, cannot be reliably diagnosed with OAE screenings,
but could be aided with currently available therapies, requires switching newborn hearing screenings
to routine ABR testing. This is not only of importance with respect to cochlear implantation, which will
yield much better outcomes if implanted earlier, but also with respect to a gene therapy, which is
currently under development.

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,
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reviewed in [69]). These viral vectors have a series of beneficial features: they are non-pathogenic,
they evoke the least inflammatory response, they do not integrate into the genome under most
conditions, and the choice of their surface protein allows the vector to target different cell types.
The main disadvantage is that they can transport only up to 4.9 kb of foreign DNA, which needs to
be subcloned between two AAV gene sequences called inverted terminal repeats (ITRs) of 145 bp
each. The 6 kb cDNA length encoding otoferlin has successfully been transduced into THCs by
dual-AAV-approaches, where the cDNA is split to two AAV genomes [70,71]. The latter form head-to-tail
multimers in the nuclei of target cells, thereby assembling the split cDNA. By means of splice donor
and splice acceptor sites, the ITRs are excised, and the otoferlin mRNA transcribed from dual-AAVs
has been demonstrated as being correct [70]. Studies in Ofof '~ mice have revealed that such dual-AAV
strategies successfully and persistently restored hearing [70,71]. Atleast three companies have prepared
for clinical trials with dual-AAV approaches, the first intending to start in 2021 (Akouos, Bostor,
MA, USA; Decibel Therapeutics, Boston, MA, USA; Sensorion, Montpellier, France). This causal
therapy is expected to result in more natural hearing compared to cochlear implants, overcoming
limitations such as poor perception of vocal emotions, poor frequency discrimination, or poor speech
comprehension in background noise, just to name a few. DENB9 is predestined for a gene therapy,
as all cells develop normally and are in place at birth. However, OHCs degenerate within a few
years after birth, as discussed above. For cochlear implantation, the loss of OHCs is not of relevance;
however, gene therapy will only yield good outcomes with intact OHC-driven cochlear amplification.
Hence, a gene therapy for profoundly deaf DFNB9 patients will need to be applied ideally within
the first year of life, both to have OHCs still present and to be within the sensitive time window for
language acquisition.

Especially with respect to the envisioned gene therapy, the use of hearing aids for rehabilitation of
severe to profound hearing impairment should be critically evaluated. While power hearing aids have
successfully induced behavioral responses in DFNB9 children with severe to profound deafness [23],
we have to assume that the use of hearing aids is unlikely to assure proper speech comprehension.
Studies from animal models indicate that challenging the synapse with a higher rate of acoustic
stimuli or more intense stimuli will cause a faster depletion of synaptic transmission. This reduces
the capability of the synapse to encode modulations of the input. Moreover, it presumably lowers
the timely precision of spiking in the auditory nerve, and thus might blur auditory cues required for
speech comprehension.

In addition to being questionable for language acquisition, the use of power hearing aids
might accelerate the loss of OHCs, as proposed from observations in retrospective studies [22,72,73].
Whether and potentially why OHCs are more susceptible to noise trauma in DFNB9 patients compared
to normal hearing individuals still awaits experimental proof and basic research in animal models.
Is the expression of otoferlin in immature OHCs or unknown genetic modifiers related to the loss
of DPOAEs (as proposed by [22]) or rather the lack of OHC suppression by efferent inhibition?
In intact cochleae, OHCs mechanically amplify the motion of the basilar membrane, which increases
the sensitivity of gentle sounds by several orders of magnitude, i.e., they lower hearing thresholds
by 50-60 dB SPL. For high SPLs, inhibitory innervation from efferent fibers originating from the
medjial olivocochlear (MOC) system hyperpolarizes OHCs and thereby suppresses this mechanical
amplification. Activation of the MOC efferents occurs through activity in the auditory pathway, which is
strongly reduced or missing in absence of otoferlin. Thus, even during exposure to intense sounds,
we hypothesize that OHCs do not perceive any inhibitory neurotransmission in DFNB9 patients,
as is the case for normal hearing individuals. Chronically high levels of OHC activation, such as,
for example, in noise trauma experiments, have been associated with cell death, potentially involving
oxidative stress. Thus, power hearing aids should be prescribed and used with caution, potentially only
for specialized auditory trainings and not for full day usage.
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7. Outlook and Conclusions

A timely clinical and molecular genetic diagnosis of OTOF hearing impairment should be made
as early as possible. Ideally, a clinical diagnosis should occur within the first few days of life if already
apparent at birth, with rapid molecular genetic diagnostic results thereafter. Therefore, changes in
newborn hearing screening protocols from OAEs to ABRs, or a combination of the two will support
an early diagnosis. This will become increasingly important as promising gene therapies emerge.
The structure of otoferlin, particularly of the CE and C;F domains, is provisionally incomplete
based on structural modelling. The possibility of an incomplete overall structure is supported by the
identification of novel exons in mouse IHC transcriptome data. Therefore, we recommend genetic
re-testing of undiagnosed individuals, especially those with auditory neuropathy/synaptopathy to
profit from advances in basic knowledge of isoform structure, as well as improvements in sequencing
technologies, bioinformatics approaches, and variant interpretation. Diagnostic laboratories critically
rely on annotation of variants to the correct transcript in databases such as LOVD, DVD, ClinVar,
and HGMD. In many instances in current versions of these databases, the transcript that is used is
incorrect. Therefore, careful attention must be exercised by medical geneticists to report variants with
the correct transcript until this can be revised.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/12/1411/s1.
Table 51: Overview of pathogenic/likely pathogenic OTOF variants from literature and database review.
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Hereditary hearing loss is a clinically and genetically heterogeneous
disorder. Autosomal dominant nonsyndromic hearing loss (ADNSHL)
is present in roughly 20% of hearing-impaired individuals. More than
20% of genes exhibit pleiotropy, whereby variants in a single gene

can be associated with syndromic or nonsyndromic hearing loss and
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Abstract

Alpha-chain collagen molecules encoded by genes that include COL11A1 are
essential for skeletal, ocular, and auditory function. COL11A1 variants have been
reported in syndromes involving these organ systems. However, a description of the
complete clinical spectrum is lacking, as evidenced by a recent association of au-
tosomal dominant nonsyndromic hearing loss due to a splice-altering variant in
COL11A1, mapping the DFNA37 locus. Here, we describe two German families
presenting prelingual autosomal dominant nonsyndromic hearing loss with novel
COL11A1 heterozygous splice-altering variants (c.652-1G>C and c.4338+2T>C) that
were molecularly characterized. Interestingly, the ¢.652-1G>C variant affects the
same intron 4 canonical splice site originally reported in the DFNA37 family (c.652-
2A>C) but elicits a different splicing outcome. Furthermore, the c4338+2T>C
variant originated de novo. We provide clinical and molecular genetic evidence to
unambiguously confirm that COL11A1 splice-altering variants cause DFNA37
hearing loss and affirm that COL11A1 be included in the genetic testing of patients
with nonsyndromic deafness.

KEYWORDS

autosomal dominant hearing loss, COL11A1, DFNA37, nonsyndromic hearing loss, splice-site
altering variant

can follow an autosomal dominant or recessive inheritance pattern
(Vona et al., 2020).

The gene COL11A1 (collagen type Xl alpha-1 chain; MIM
#120280) is associated with autosomal dominant Marshall syndrome

(MRSHS) and autosomal dominant or recessive Stickler syndrome

This is an open access article under the terms of the Creative Commans Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2020 The Authors. Human Mutation published by Wiley Periodicals LLC

Human Mutation. 2021;42:25-30.

wileyonlinelibrary.com/journal/humu 25

93



% | wiLey-ENGEn

RAD ET AL

type Il (STL2), as well as 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 in-
clude mild-to-moderate hearing loss and outer ear malformations.
Recently, the gene COL11A1 has been associated with ADNSHL
(DFNA37; MIM #618533) through the genetic analysis of a large
European-American family presenting a novel splice-site altering
variant (Booth et al,, 2019).

Written informed consent was obtained from participants
(Approval of the University of Tibingen Ethics Commission; Nos.:
016/2014B0O1 and 197/2019BO1). Medical history excluded ac-
quired forms of hearing loss. The 37-year-old proband in Family 1
(I11:3) (Figure 1a), presents stable, down-sloping, moderate-to-severe,
high-frequency sensorineural hearing loss (Figure 1c), as well as
hypothyroidism and diabetes. The speech discrimination with regard
to monosyllables was 70% and 50% at 65-dB hearing level (HL) on
the right side and 80% and 80% at 65 dB(HL) on the left side when
evaluated at 34 and 37 years of age, respectively. Regarding the
speech recognition threshold (SRT), the proband achieved a score of
35- and 32.5-dB hearing loss ("al value”) on the right and 27- and
30-dB hearing loss on the left ear at 34 and 37 years of age, re-
spectively. He has worn hearing aids since age 6 years. His daughter
(Family 1, IV:1) is currently 6.2 years old and was born after an
unremarkable pregnancy and delivery. She failed newborn hearing
screening but passed follow-up testing. At the age of 2 years, she was

diagnosed with severe hearing loss and has used hearing aids since

(a)

diagnosis. Serial audiometry has revealed stable, moderate-to-
severe, high-frequency sensorineural hearing loss (Figure 1c). Her
monosyllable discrimination was 75% and 65% at 65 dB(HL) on the
right and 65% and 100% at 65 dB(HL) on the left side at 4.8 and
6.9 years, respectively. SRT was 27 and 30dB hearing loss on the
right, 25 and 27.5 dB hearing loss on the left at 4.8 and 6.9 years,
respectively. Syndromic features including myopia, retinal detach-
ment, midface hypoplasia, submucous cleft palate, and arthritis/joint
pain have been excluded in both affected individuals in Family 1 (111:3
and IV:1). The 31-year-old proband (I11:3) in Family 2 (Figure 1b)
presented moderate sensorineural hearing loss in the mid- and high-
frequencies since early childhood (Figure 1d) and she has worn
hearing aids since age 27 years. Her pure-tone audiograms showed
nearly identical thresholds taken 5 months apart at the age of
28 years [data not shown). She does not have a severe form of
hearing loss that might be suggestive of progression. Her mono-
syllable recognition was 80% at 65 dB(HL) (SRT 20-dB hearing loss)
on the right ear and 75 dB(HL) (SRT 25-dB hearing loss) on the left
ear. She had a normal tympanogram and otoscopy exam. Two of her
grandparents wear hearing aids. Her parents underwent pure-tone
audiometry testing and had normal thresholds. Her son (Family 2,
IV:1; Figure 1b) was born at term after an unremarkable pregnancy
and failed newborn hearing screening. Evoked response audiometry
showed mild hearing loss (Figure 1d). Transient evoked otoacoustic
emissions were bilaterally absent. Distortion product otoacoustic
emissions were absent on the right side and partially evocable on the

left side. At the last evaluation at the age of 3.5 years, he had mild

(b)
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FIGURE 1 Pedigree and Sanger sequencing result in (a) Family 1 and (b) Family 2 showing segregation of the c.652-1G>C and c.4338+2T>C

w_n

variants, respectively. Mutant alleles are represented wit

and the reference allele is shown with “+.” Sanger electropherograms of the

variant are shown to the right of each pedigree. Audiometry of right and left ears from (c) individuals 111:3 and IV:1 in Family 1 and (d) individual
111:3 in Family 2, represented as pure-tone air-conduction thresholds, as well as evoked response audiometry from individual IV:1 in Family 2 (d).
Thresholds are shown with circles and crosses/vertical rectangles, for right and left ears, respectively
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bilateral sensorineural hearing loss and no other abnormalities. He
was too young to undergo speech audiometry. The mother (Family 2,
111:3) reported a cleft lip and palate, an occurrence not previously
reported with STL2 and assumed to be due to other genetic or
multifactorial causes. She reported no other abnormalities. Sub-
mucous cleft palate in her son (Family 2, IV:1) has been ruled out.
Ophthalmic examination excluded amblyopia, strabismus, and phoria
and confirmed normal vision. Affected individuals in both families do
not report otorrhea, otalgia, tinnitus, or vertigo. Bone conduction
thresholds from individuals 1:3 and IV:1 in Family 1 and 111:3 in
Family 2 confirm sensorineural hearing loss (Figure 51).

Blood samples were collected from affected (I11:3 and IV:1 of
Family 1, as well as l1l:3 and IV:1 of Family 2) and unaffected (111:4
from Family 1 and Il:1 and I1:2 from Family 2) individuals in two
unrelated German families (Figure 12,b). The genomic DNAs from
individuals 111:3 and IV:1 in Family 1 and I1I:3 in Family 2 were sub-
jected to a custom-designed high-throughput sequencing panel that
included 164 hearing loss genes (HiSeq4000; lllumina Inc.). Dupli-
cation/deletion analysis of GJB6, WFS1, and POU3F4 was carried out
using MLPA (P163-D1-V16; MRC Holland).

Two novel heterozygous variants in COL11A1 were identified
that each disrupt canonical splice sites: NM_080629.2:c.652-1G>C
(ClinVar Accession: RCW000487702.2; LOVD Genomic Wariant
Accession: 0000686099) in Family 1 and NM_08B0629.2:c.4338+2T>C
(ClinVar Accession: RCV000585624.2; LOVD Genomic Variant
Accession: 0000686100) in Family 2 in introns 4 and 57, respectively
(Table S1). The c.652-1G>C variant in Family 1 segregated in two
generations (Figure 12), while the c.4338+2T>C variant was sus-
pected de novo origin in the proband and transmitted to her hearing-
impaired son (Figure 1b). Paternity testing of the mother was not
possible to perform for definitive confirmation of the de novo status.
An in vitro splicing assay was carried out as previously described
(Doll et al., 2020; Tompson & Young, 2017) using amplified genomic
DNA of the probands (Family 1 [l1:3: 1835-bp amplified genomic
DMNA length and Family 2 IV:1: 803-bp amplified genomic DNA
length) and a normal hearing control. The €.652-1C variant impacts
splicing through the loss of an acceptor site and activation of two
cryptic splice acceptor sites in exon 5 that cause in-frame deletions
(Figure 2a-c). TA cloning, followed by reverse-transcription poly-
merase chain reaction and Sanger sequencing of complementary
DMNA (cDNA) amplicons with the patient variant showed that 67%
(28 out of 42 analyzed clones) of the amplicons utilized the first
cryptic splice site (r.652 663del, p.(Gly218 GIn221del)) and 33%
(14 out of 42 analyzed clones) of the amplicons used the second
cryptic acceptor site (r.652_666del, p.(Gly218_GIn222del); Figure 2b
and Table S2). The c.4338+2C variant leads to three abnormally
spliced amplicons that include the activation of two cryptic splice do-
nor sites in intron 57 (r.4338_433%ins4338+1 4338+4, p.[Gly1447A-
lafs*12); r4338 433%ins4338+1 4338+30, p.(Glyl447Alafs*?)) and
the skipping of exon 57 (r4285 4338del, p(Gly1429 Metl44é6del);
Figure 2d-f). TA cloning and follow-up testing as described above of
cDNA amplicons with the patient variant indicated that 87% (40 out of

46 analyzed clones) of the amplicons showed evidence of a skipped
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exon 57, 6.5% (3 out of 46 analyzed clones) used the first cryptic
donor site (r.4338_433%9ins4338+1 4338+4) and 6.5% (3 out of
46 analyzed clones) used the cryptic donor  site
(r.4338_433%ins4338+1_4338+30) (Figure 2¢ and Table 52).

More than 60 different variants including frameshift, splicing,

second

missense, in-frame, and even two synonymous variants have been
classified as pathogenic in COL11A1 and reported in MRSHS, STL2,
and FBCG1 (deafnessvariationdatabase.org; Azaiez et al, 2018);
however, only one molecularly characterized splice-altering variant
has been associated with ADNSHL (Booth et al,, 2019). In line with
this study, our findings confirm COL11A1 splice-altering variants as
causally implicated in DFNA37. Interestingly, the ¢.652-1G>C variant
in Family 1 resides in the same canonical splice site as the c.652-
2A>C variant previously reported by Booth et al. (201%) that asso-
ciated COL11A1 with ADNSHL. The ¢.652-2A>C variant created a
leaky acceptor splice site that produced a normally spliced transcript
in addition to a transcript with exon 5 skipping. It was suggested that
the variant may result in the loss of key N-terminal propeptide
of COL11A1.
€4338+2T>C variant in intron 57 disclosed skipping of exon 57 and

regulatory sequences In vitro testing of the
the use of two cryptic donor sites with an in-frame and out-of-frame
consequence. Considering the clinical presentation of our patients
with the molecular characterization of splice variants that revealed
multiple in-frame mutant transcripts, we hypothesize that these in-
frame variants may lead to a milder phenotype (DFNA37) due to
partial residual function of the protein (ie., noncomplete loss-of-
function alleles), whereas those with more severe phenotypes may
be due to frameshift, truncating loss-of-function alleles, and missense
variants which induce splice altering effects or substitution of glycine
in a repeat Gly-Xaa-Yaa region. Interestingly, one additional variant
was recently described in a Czech family (NM_080629.2:¢.1560delC)
with ADNSHL. The variant was described as a splice-altering variant
but a splicing assay was not performed and in silico tools did not
predict a splicing effect (Copikova et al, 2020). Functional char-
acterization of this variant will be important for a refined
genotype-phenotype correlation due to variants in COL11A1.

The family described by Booth et al. (2019) demonstrated bi-
lateral, postlingual, slowly progressive, and mild-to-moderate sen-
sorineural hearing loss without any other symptoms. Consistent with
this report, the two families manifested bilateral sensorineural
The thresholds from
individuals I1l:1 and IV:1 in Family 1 were both either normal or

hearing loss without other symptoms.
indicate a mild hearing loss in low frequencies and were sloping to a
moderate-to-severe hearing loss in high frequencies (Figure 1c).
Importantly, the hearing loss in the affected individuals in Family 1 is
stable and at last measurement, there was no evidence of progres-
sion to a severe hearing loss in Family 2 individual I1I:3. The
thresholds from the individual 111:3 in Family 2 were normal to 1 kHz,
then increased to show moderate hearing loss until 4kHz and
slightly increased at 6 and 8kHz (Figure 1d). Newborn hearing
screening of individuals 1V:1 in both families confirmed one
individual with congenital onset (Family 2, 1V:1), which is the first
reported congenital onset with COL11A1-associated ADNSHL and
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also demonstrates that variants in this gene can cause prelingual Barbara Vona submitted variants to clinical databases. Aboulfazl Rad
deafness, as documented in all affected individuals in this study. and Barbara Vona provided functional experiments and wrote the
Although the precise mechanism of COL11A1-associated hearing first manuscript draft. Grigoriy A. Yanus and Evgeny N. Imyanitov
impairment has not been elucidated, disruption of COL11A1 is con- validated splicing nomenclature, performed the literature review,
sistently associated with hearing loss, as demonstrated by about 84% of and curated genetics data. Thore Schade-Mann, Philipp Ga-
individuals diagnosed with MRSHS having hearing loss, which supports merdinger, Marcus Miiller, Hubert Léwenheim, and Anke Tropitzsch
the critical function of this protein in the auditory system (Bacciu et al., recruited the families, and curated and interpreted clinical data.
2018). It also demonstrated that the source of COL11A1 mRNA is in the Thore Schade-Mann performed clinical re-examination. Anke Tro-
tectorial membrane and suggested its mutation affects normal co- pitzsch, Hubert Léwenheim, and Barbara Vona conceived the study.
chlearfunction (Shpargel et al., 2004). Moreover, the pleiotropy exhibited All authors approved the final version of the manuscript.

by this gene, like other genes that are associated with syndromic and

nonsyndromic hearing loss, remains to be fully characterized. DATA AVAILABILITY STATEMENT
In summary, we report on and characterize two novel splice- The data that support the findings of this study are available upon re-
altering variants associated with DFNA37, providing confirmatory quest from the corresponding author. The genetic data are not publicly

evidence of COL11A1 as a bona fide ADNSHL gene. We recommend available due to data privacy or ethical restrictions. COL11A1 variants

COL11A1 be included in the routine diagnostic testing of patients were submitted to ClinVar (https://www.ncbi.nim.nih.gov/clinvar/?term=
with both syndromic and nonsyndromic forms of deafness. COL11A1) with accession |Ds RCV000487702.2 (NM_080629.2:c.652-
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FIGURE 2 (a) Gel electrophoresis of the reverse-transcription polymerase chain reaction (RT-PCR) from the wild-type control, the c.652-1C
variant, and empty pSPL3 vector amplicons, as well as transfection-negative and PCR-negative controls. (b) The vector construct of the

in vitro splice assay illustrates the wild-type or mutant amplicons inserted between exons A and B of the pSPL3 vector with a splicing schematic
of the c.652-1C variant (upper) and wild-type allele (lower). The wild-type (upper left sequencing panel) shows expected splicing. The
€.652-1C variant activates two cryptic acceptor splice sites (r.652_663del and r.652_666del) in exon 5 (upper right sequencing panels). The
empty vector control (lower sequencing panel) performed as expected. (c) In silico splice predictions of the wild-type (top, red G) and
¢.652-1G>C (bottom, red C) marked with black arrows. Cryptic splice acceptor sites that are activated due to the variant are underlined and
marked with red arrows and validated with an in vitro splice assay and TA cloning. (d) Gel electrophoresis of the RT-PCR from the wild-type
control, the c.4338+2C variant, and empty pSPL3 vector amplicons. The transfection and PCR-negative controls performed as expected.

(e) The vector construct of the in vitro splice assay illustrates the wild-type or mutant amplicons inserted between exons A and B of the pSPL3
vector with a splicing schematic of three splice products (r4338_433%9ins4338+1 4338+4, r.4338 433%ins4338+1 4338430, and

r.4285 4338del) due to the c.4338+2C variant (upper) and wild-type allele (lower). The wild-type (upper left sequencing panel) shows the
expected splicing. The c.4338+2C variant activates two cryptic acceptor splice sites in intron 57 (upper right sequencing panels) and evokes
skipping of exon 57 (lower sequencing panel) that was the same sequence as the empty vector control (lower sequencing panel). (f) In silico
splice predictions of the wild-type (top, red T) and c.4338+2T>C (bottom, red C) marked with black arrows. Cryptic splice donor sites that
are activated due to the variant are underlined and marked with red arrows and validated with an in vitro splice assay and TA cloning.

Var, variant; WT, wild type
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1 | INTRODUCTION
Congenital disorders of glycosylation (CDGs) are a rapidly
growing heterogeneous group of genetic conditions. Inherited
glycosylphosphatidylinositol-anchored  protein  (GPI-AP)
deficiencies (1GDs) are a subset of CDGs that account for
0.15% of all neurodevelopmental disorders." In many cases,
IGDs result from the failure of the GPI anchor to regulate
APs on the external cell surface. This has consequences for
early human neurogenesis and neurodevelopment.” To date,
17 known IGDs lead to a wide range of symptoms, including
variable intellectual disabilities and developmental impair-
ment, seizures, hypotonia, weakness, ataxia, congenital mal-
formations, and dysmorphic facial features. There are more
than 150 human GPI-APs, which often play a role in synaptic
function, development of the central nervous system (CNS),
and plasticity; defects in several of these proteins have been
implicated in various neurological disorders.”
Developmental and epileptic encephalopathies include a
range of severe epilepsies in which intractable seizures are
accompanied by impairment of motor and cognitive func-
tions.® Recently, many cases of IGD have been found among
individuals with intellectual disability and intractable sei-
zures. Early infantile epileptic encephalopathy-55 (EIEE;
Mendelian Inheritance in Man [MIM] #617599), a severe
form of epilepsy with frequent tonic seizures or spasms be-
ginning in infancy, and developmental delay or regression,
has been linked to several genes important for GPI biosyn-
thesis and attachment. For example, PIGB, PIGQ, PIGP, and
PGAPI have all been linked to novel autosomal recessive
IGDs™™; PIGA is an X-linked recessive disorder.'’
Phosphatidylinositol glycan class S (PIGS; MIM #610271)
encodes a GPI-AP, specifically a subunit of the GPI trans-
amidase complex that catalyzes the attachment of preformed
GPI to proteins containing a C-terminal GPI attachment

individuals died due to neurologic complications. GPI anchoring studies performed
on one individual revealed a significant decrease in GPI-APs. We confirm that
biallelic variants in PIGS cause vitamin pyridoxine-responsive epilepsy due to in-
herited GPI deficiency and expand the genotype and phenotype of PIGS-related
disorder. Further delineation of the molecular spectrum of PIGS-related disorders
would improve management, help develop treatments, and encourage the expan-
sion of diagnostic genetic testing to include this gene as a potential cause of neu-
rodevelopmental disorders and epilepsy.

congenital disorders of glycosylation, epilepsy, epileptic encephalopathy, exome sequencing,
inherited GPI deficiency, neurodevelopmental disorders, phosphatidylinositol glycan class S,

signal. Biallelic variants in PIGS have recently been impli-
cated in human diseases, with the observation of seven indi-
viduals affected with EIEE.'""'? Phenotypes 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.
All seven individuals showed a GPI-AP deficiency profile.
Notably, one individual showed a reduction in seizure fre-
quency with pyridoxine (100 mg per day).

We describe six individuals (from five unrelated families)
carrying biallelic variants in PIGS and presenting with hypo-
tonia, severe global developmental delay, infantile onset (in-
tractable) seizures, and different CNS anomalies identified
on brain imaging. Two patients in this cohort are responsive
to pyridoxine. This study provides additional evidence for
PIGS as an emerging gene associated with antosomal reces-
sive EIEE and describe the clinical characteristics, prognosis,
and treatment outcomes, to improve patient care.

2 | MATERIALS AND METHODS

2.1 | Human participants

The study was approved by the ethics institutional review board
of University College London and additional local ethics com-
mittees of the participating centers (see also Supplementary
Data S1). Informed consent was obtained from all families.

2.2 | Exome and Sanger sequencing

Biallelic variants in the PIGS gene were identified by exome
sequencing (ES) as previously described.'>'* All variants are
listed using canonical transcript NM_033198.4.
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2.3 | Computational and in vitro
splice analysis

Computational analysis of the ¢.174G>C variant was per-
formed as previously described.'® To assess the predicted
splicing impact of the ¢.174G>C (p.GIn58His) variant in
Patients 1 and 2, an in vitro splicing assay was performed
with minor modifications. '®

2.4 | Flow cytometry analyses
Fluorescence-activated cell sorting analysis to assess for re-
duction in cell-surface expression of GPI-APs was done for
Patient 6 and performed as previously described,"

3 | RESULTS

3.1 | Clinical findings

We identified six novel patients from five families with bi-
allelic variants in the PIGS gene found by trio ES. Parental
consanguinity was reported in four of the five families,
all of whom had homozygous variants in P/GS. The clini-
cal features of the affected individuals are summarized in
Table S1 and are described further in Supplementary Data
S1. All individuals presented with severe global develop-
mental delay, intractable early infantile onset seizures, and
absent speech. Patients 2, 3, and 5 died from complica-
tions of recurrent respiratory infections. Intractable sei-
zures requiring multiple antiepileptic drugs (AEDs) were
noted in all patients. The electroencephalographic (EEG)
features in our cohort were variable, influenced by the age
of the patients and the effect of the specific variant; how-
ever, all subjects showed EEG recording indicative of a
severe developmental epileptic encephalopathy, that is,
pseudohypsarrhythmia with runs of high amplitude and
slow waves predominant over posterior regions associated
with multifocal epileptic abnormalities within a diffusely
slowed high amplitude during wakefulness and sleep or
within a burst-suppression pattern. All of the individuals
in this cohort had abnormal findings on brain magnetic
resonance imaging, including atrophy of the frontal and
anterior temporal lobes, with or without generalized brain
atrophy. Frontal atrophy led to the development of bilateral
subdural hygromas in one patient (Patient 5). We noted hy-
poplasia of the pons in four patients. One individual with
severe pontine hypoplasia had large thalami and massa
intermedia. All six affected individuals had microcephaly
(=3 SD). Behavioral anomalies in two siblings (Patients 4
and 35) included autistic features and excessive laughing/
crying. Other variable features include renal malformation

Epilepsia--~

(1/6, 17%), visual impairment (3/6, 50%), severe hearing
loss (2/6, 33%), and acquired arthrogryposis (2/6, 33%).
Facial dysmorphism was observed in most of the affected
individuals (Figure 1B), mainly consisting of coarse fea-
tures such as thick arched eyebrows, almond-shaped pal-
pebral fissures, depressed nasal bridge, and deep philtrum.
Brachytelephalangy was also observed in three subjects
(Patients 1-3), although in one of them (Patient 1) there
was no evident epiphyseal or metaphyseal abnormality
upon skeletal survey, Alkaline phosphatase levels (normal
value = 0-281 U/L) were normal in Patient 2 (206 U/L)
and mildly elevated in Patient 4 (445 U/L). This finding
was not available for other affected individuals.

Although seizure management with AEDs is challenging,
Patients | and 6 improved with pyridoxine (15 mg/kg/day)
and folinic acid (1 mg/kg/day). Patient 1 reported decrease in
seizure frequency, and Patient 6 reported improved develop-
mental progress.

3.2 | Genetic findings

ES in the probands of Families 1 and 2 revealed a novel
homozygous variant in exon 2 of PIGS, c.174G>C
(p.GIn58His), predicted to affect RNA splicing. The vari-
ant segregated with the disease in both families (Figure 1A)
and was located within a 14-Mb region of homozygosity.
The variant was absent in publicly available population data-
bases, including gnomAD, Exome Sequencing Project. GME
Variome, and Iranome, as well as in more than 14,000 in-
house exomes. In Family 3, a novel homozygous missense
variant ¢.1070G> A (p.Gly357Asp) within a 10-Mb block of
homozygosity was detected. The variant occurs at a highly
conserved amino acid residue (Figure 1E), has a Combined
Annotation Dependent Depletion score of 27 and Genomic
Evolutionary Rate Profiling (GERP) score of 5.49, and seg-
regated with the disease in the family. A novel segregating
homozygous missense variant ¢.986C>G., (p.Pro329Arg), al-
tering a highly conserved amino acid (Figure 1E), was identi-
fied for Family 4 (GERP score = 5.37). Both p.Gly357Asp
and p.Pro329Arg are predicted to have a deleterious impact
on the resulting PIGS protein, based on in silico predictions
(Table 52).

In Family 5, Patient 6 has two variants. One variant is a
paternally inherited in-frame insertion of eight amino acids
in a nonrepeat region, as ¢.1141_1164dup24 (p.Asp381_
Val388dup) in exon 10. This variant has been previously
reported in the literature in a male of Chinese descent with
PIGS-related disorder and seen in gnomAD in a heterozy-
gous carrier state in five individuals of East Asian ethnic-
ity. The second variant is a maternally inherited nonsense
variant ¢.734G>A (p.Trp245¥) in exon 7. This variant has
been seen in gnomAD but only in the heterozygous carrier
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state in one individual of African ethnicity. Table S2 shows
the allele frequency and American College of Medical
Genetics and Genomics criteria-based assessment of these
variants.

3.3 |

Splicing analysis

Computational splice analysis of the ¢.174G>C variant pre-
dicted two possible effects that prompted RNA studies: (1) a
decrease in the splice donor scores between 12.6% and 43.3%
and (2) the abolishment of an exonic splicing enhancer motif
(Figure S2). In vitro RNA analysis of the wild-type c.174G
disclosed a 508-bp amplicon including exons 2 and 3, as

well as a 369-bp amplicon with only exon 3 (Figure 1F,G).
This likely reflects alternative splicing (NM_033198.4/
ENSTO0000308360.8 and ENST00000395346.6). The am-
plicon with the homozygous c.174G>C variant revealed
only exon 3 (369 bp), indicating a skipping of exon 2 (Figure
1F.G) that was Sanger sequence confirmed (Figure 1H). This
out-of-frame deletion of exon 2 (r.35_174del) would result in
a premature stop codon (p.Glu12Alafs*31).

3.4 | Flow cytometric analysis
Individual 6 had significantly lower levels of CD16 and fluo-

rescent aerolysin (FLAER) in granulocytes, the most sensitive
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N €.734G>A (p.Trp245*)
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FIGURE 1
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Clinicogenetic, radiological, and molecular findings of individuals in our cohort. (A) Pedigrees and segregation results (+

represents the variant) of the five families carrying biallelic PIGS variants. (B) Patients 1-5 show coarse facial features, including arched eyebrows,
almond-shaped palpebral fissures, depressed nasal bridge, deep philtrum, and pointed chin. (C) A schematic representation of the PIGS protein

showing the position of all PIGS variants identified, with previously reported variants in red. (D) Magnetic resonance imaging findings of (iiii)
Patient 6 at 5 weeks. Sagittal T-weighted image at the midline (i) shows small pons (arrow), early superior cerebellar vermian atrophy (arrowhead),
and a large massa intermedia (star). Parasagittal T1-weighted image (ii) shows underdeveloped and undersuleated frontal lobes (arrow). Compare

the sulcation in the anterior aspects with the posterior cerebral hemisphere. Axial T2-weighted image (iii) shows underopercularization due to
underdevelopment of the frontal and anterior temporal lobes and large thalami (star). (iv, v) Patient 4 at 5 years. Axial T2-weighted images at the
supratentorial (iv) and infratentorial (v) levels show generalized brain atrophy and delayed maturation of myelin. Note again the worse atrophy

anteriorly in the frontotemporal regions. (vi) Patient 5 at 5 months. Axial T2-weighted image shows atrophy-related bilateral subdural hygromas

(arrow). (vii) Patient 1 at 3.5 months. Axial T2-weighted image shows underopercularization bilaterally secondary to frontotemporal atrophy. Frontal

dysgyria is also noted. (viii) Patient 2 at 34 weeks. Sagittal T1-weighted image shows microcephaly, with greater volume reduction in the frontal

lobe, as well as early superior cerebellar vermian atrophy (arrow). (ix) Patient 3 at 14 months. Sagittal T1-weighted image shows a small pons and

globally reduced cerebral white matter volume (worse anteriorly} associated with hypoplasia of the corpus callosum. (E) Interspecies alignment

performed with Clustal Omega shows the complete conservation down to invertebrates of the amino acid residues affected by the substitutions. (F)

RNA analysis of the PIGS ¢.174G>C variant. Gel electrophoresis of the reverse transcriptase polymerase chain reaction (PCR) wild-type (WT),

mutant (Mut) ¢. 174G>C variant, and empty pSPL3 vector amplicons. Transfection negative and PCR negative controls performed as expected. (G)
Overview of the splicing of the wild-type (upper panel), patient (middle panel), and empty vector (lower panel) splicing, Note that although exon |
was cloned into the vector, it was not spliced to exon A and exon 2, as it lacks a splice acceptor site. (H) Visualization of the exon junction sequence

of the wild-type (upper panel), patient (middle panel), and empty vector (lower panel)

markers of inherited GPI deficiency (Figure 2). There was
no decrease for CD55 and CD359 in granulocytes, but these
are less sensitive markers of inherited GPI deficiency. There
was also low CD14 in monocytes and low FLAER in lym-
phocytes (Figure S3). This is consistent with the previously
reported case series that showed biallelic variants in PIGS
lead to reduced amounts of GPI-AP at the cell surface.'™'®
Due to the country of origin of the two patients still alive and
the limited clinical facilities, we could not replicate the flow
cytometric analysis in additional individuals.

4 | DISCUSSION

Our study expands the phenotypic and genotypic spectrum of
PIGS variants, which have been previously associated with
profound neurodevelopmental impairment, EIEE, and pre-
mature death. We expand the known population of seven in-
dividuals with biallelic pathogenic variants in PIGS reported
so far by adding five novel patients. We report five variants,
four of which were previously unreported; namely, one trun-
cating, one in-frame duplication, and three missense variants.
According to gnomAD constraint scores, PIGS is intolerant
toward both missense variants (Z = .7801) and biallelic loss
of function variants (probability of being loss-of-function in-
tolerant = 0, pREC = .9943).

All patients had hypotonia, microcephaly, global devel-
opmental delay, absent speech, and infantile onset epilepsy.
Brachytelephalangy was also observed in three patients.
Although first reported in PIGV-related disorders,'” it is not
present in all GPI deficiencies. "' We also identified neuroim-
aging findings in our patients, consistent with previously pub-
lished studies that described cerebellar and diffuse cortical

atrophy in individuals carrying biallelic PIGS variants.'"'* In
this eohort, vision impairment, hearing loss, and behavioral
abnormalities were also commonly observed. Taken together,
biallelic (gene-disruptive) variants in PIGS are associated
with an early infantile encephalopathy refractory to standard
AEDs co-occurring with global developmental delay, severe
hypotonia, and visual and hearing impairment.

Elevated alkaline phosphatase levels have been observed
in other disorders of GPI anchor synthesis.7 In our cohort,
only one of two tested patients showed mildly elevated al-
kaline phosphatase levels, supporting the evidence that in-
creased alkaline phosphatase levels are not observed in all
GPI deficiencies."!

GPI-AP function is also implicated in vitamin B6 and fo-
late transport, nucleotide metabolism, and lipid homeostasis.
Bo6-dependent enzymes are involved in the metabolism of
amino acids, neurotransmitters, molybdenum cofactor, and
sphingolipids.'® Two of our patients were treated with pyr-
idoxine and folinic acid, with some benefit in seizure con-
trol even before the genetic analysis; moreover, we could not
measure the cerebrospinal fluid pyridoxal-5-phosphate levels
primarily due to the limited testing ability of their referring
hospitals. Although anecdotal, previous studies have also
shown the effects of pyridoxine in other 1GDs." Pyridoxine
has been shown effective in various GPI deficiency disor-
ders, although there is no clear evidence describing the effect
of folinic acid. The ketogenic diet has also been previously
reported to improve outcome in cases of PIGA deficiency
and may be a consideration for individuals with PIGS-related
disorder.”

This study further reviewed the clinical features of PIGS-
related disorders. Distinguishing PIGS-related disorders
from other pediatric neurological syndromes will rely on
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Impact of the PIGS variants on individual granulocyte cell-surface glycosylphosphatidylinositol-anchored protein (GPI-AP).

Fluorescence-activated cell sorting (FACS) analysis on granulocytes indicated that individual red blood cells from Patient 6 of Family 5 had less
signal of CD16, CD55, and CD59 than age-matched control cells, showing a reduced cell-surface expression. FLAER, fluorescent aerolysin; FITC,

fluorescein isothiocyanate; PE, phycoerythrin

the combination of physical examination findings and iden-
tifying the phenotypic features resulting from disruption of
PIGS. These include intractable epilepsy. severe develop-
mental delay, hypotonia, and coarse faces. Our data further
highlight the importance of including the screening of the
PIGS gene in the case of infantile epilepsy and may serve
for improved interpretation of new PIGS variants with the
help of biochemical findings and flow cytometry analysis.
Finally, PIGS is not found on most clinically utilized epilepsy
gene panels, suggesting that it may be a more frequent cause
of early infantile epilepsy than reported. As epilepsy genetic
testing expands and ES becomes more available, more pa-
tients will likely be identified in the future.
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Abstract

Deafness, the most frequent sensory deficit in humans, is extremely heterogeneous with hundreds of genes involved. Clini-
cal and genetic analyses of an extended consanguineous family with pre-lingual, moderate-to-profound autosomal recessive
sensorineural hearing loss, allowed us to identify CLRN2, encoding a tetraspan protein, as a new deafness gene. Homozygo-
sity mapping followed by exome sequencing identified a 14.96 Mb locus on chromosome 4p15.32p15.1 containing a likely
pathogenic missense variant in CLRN2 (c.494C > A, NM_001079827.2) segregating with the disease. Using in vitro RNA
splicing analysis, we show that the CLRN2 ¢.494C > A variant leads to two events: (1) the substitution of a highly conserved
threonine (uncharged amino acid) to lysine (charged amino acid) at position 165, p.(Thr165Lys), and (2) aberrant splicing,
with the retention of intron 2 resulting in a stop codon after 26 additional amino acids, p.(Gly146Lysfs*26). Expression
studies and phenotyping of newly produced zebrafish and mouse models deficient for clarin 2 further confirm that clarin 2,
expressed in the inner ear hair cells, is essential for normal organization and maintenance of the auditory hair bundles, and
for hearing function. Together, our findings identify CLRN2 as a new deafness gene, which will impact future diagnosis and
treatment for deaf patients.

Introduction auditory sensory cells of the inner ear are called the inner

and outer hair cells that are responsible for transduction of

The mammalian inner ear is an exquisite and highly complex
organ, made up of the vestibule, the organ responsible for
balance, and the cochlea, the sensory organ for hearing. The
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sound wave-induced mechanical energy into neuronal sig-
nals (Gillespie and Miiller 2009; Hudspeth 1997). The func-
tional mechanoelectrical transduction machinery involves
intact formation and maintenance of a highly specialized
and organized structure, the hair bundle. The hair bundle
contains a few dozen F-actin-filled stereocilia, arranged in
a highly interconnected and highly organized staircase-like
pattern, which is critical for function (Kazmierczak et al.
2007). Knowledge of the mechanisms of formation, main-
tenance, and function of the transduction complex is limited
(Cunningham and Miiller 2019). In this regard, identification
of novel genes that encode protein products essential for
hearing is likely to improve our understanding of the physi-
cal, morphological and molecular properties of hair cells and
associated mechanistic processes.

Hereditary hearing loss is one of the most common and
genetically heterogeneous disorders in humans (Wright et al.
2018). Sensorineural hearing loss has an incidence of 1 to
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2 per 1000 at birth (Morton and Nance 2006). It displays
extraordinary phenotypic, genetic and allelic heterogeneity.,
with up to 1000 different genes potentially involved (Ing-
ham et al. 2019). So far, about 120 genes and more than
6000 disease causing variants (Azaiez et al. 2018) have been
identified as responsible for non-syndromic hearing loss in
humans (see http://hereditaryhearingloss.org/ and http://
deafnessvariationdatabase.org/), and many more are yet to
be discovered. Genetic factors predominate the etiological
spectrum and most hereditary hearing loss appears to fol-
low an autosomal recessive inheritance pattern (Smith et al.
2005). To date, approximately 80% of the known autosomal
recessive deafness-associated genes have been originally
identified by studying extended consanguineous families
(Hofrichter et al. 2018). There are many forms of hearing
loss that are clinically indistinguishable but caused by dis-
tinct genetic entities that are presently unknown. Identifi-
cation of additional genes essential for auditory function,
through the study of families exhibiting hereditary hearing
loss, will not only help increase our understanding of the
biology of hearing, but will also identify new molecular tar-
gets for therapeutic intervention.

Through the study of an extended consanguineous Ira-
nian family, we have identified a CLRN2 coding lesion as
the likely cause of hearing loss in family members that are
homozygous for the allele. We have established that clarin 2
likely plays a critical role in mechanotransducing stereocilia
of the hair bundle in zebrafish and mouse. CLRN2 belongs
to the clarin (CLRN) family of proteins that are comprised
of three orthologues named clarin 1, 2, and 3 that encode
four-transmembrane domain proteins. Pathogenic variants in
CLRNI (clarin 1) cause either non-syndromic retinitis pig-
mentosa (RP) (Khan et al. 2011) or Usher syndrome type 3A
(USH3A), that is characterized by progressive hearing loss,
RP and variable vestibular dysfunction (Adato et al. 2002;
Joensuu et al. 2001; Ness et al. 2003; Plantinga et al. 20053).
This study establishes clarin 2 as essential for inner ear func-
tion in zebrafish, mice and humans, with a loss-of-function
allele leading to autosomal recessive non-syndromic senso-
rineural hearing loss (ARNSHL).

Materials and methods
Patient clinical and audiometry data

Written informed consent was provided from all participat-
ing individuals. This study has been approved by the Fac-
ulty of Medicine ethics commissions at the University of
Wiirzburg (46/15) and Shahid Chamran University of Ahvaz
(#EE/97.24.3 17654). A three generation Iranian family of
Lurs ethnicity was ascertained as part of a large ethnically
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diverse Iranian population rare disease study. Pure-tone
audiograms and medical information were collected from
participating members. Clinical examination excluded addi-
tional syndromic features.

Individuals IV-1, IV-6, and V-1 (Fig. 1) underwent com-
plete ear, nose and throat examination, including binocular
ear microscopy and external ear inspection. Routine pure-
tone audiometry was performed according to current stand-
ards that measured hearing thresholds at frequencies 0.25,
0.5, 1, 2, 4, 6 and 8 kHz. Both air- and bone-conduction
thresholds were determined. Severity of hearing loss was
defined as previously described (Mazzoli et al. 2003). Indi-
viduals IV-1 and IV-6 underwent additional tympanometry
and speech recognition threshold testing. Audiometry testing
for individuals IV-1, IV-6, and V-1 was performed at ages
29, 44, and 20 years, respectively.

Genotyping, gene mapping, copy number variation
and exome sequencing data analyses

Due to parental consanguinity and suspected autosomal
recessive mode of inheritance, we assumed that the causal
variant would be homozygous and identical by descent in
affected individuals in the fourth generation of the family.
Blood samples from 14 family members were obtained and
genomic DNA was isolated from whole blood using stand-
ard procedures. DNA from affected (IV-1, IV-6, and IV-8)
and unaffected (TV-2, IV-3, IV-4, and I'V-5) individuals were
genotyped using the Infinium Global Screening Array-24
v1.0 BeadChip (Illumina, San Diego, CA, USA) according
to manufacturer’s protocols. Copy number variation calling
was performed using GenomeStudio v.2011.1 and cnvParti-
tion 3.2.0 (Illumina).

From the 618,540 markers on the array, we filtered out
InDels, MT- and Y-chromosomal SNPs, multi-allelic SNPs,
SNPs with missing genotypes in more than one individual,
and SNPs having a minor allele frequency (MAF) lower
than 5% in gnomAD European individuals (NFE) result-
ing in 242,705 bi-allelic SNPs for quality control (QC) and
Linkage analysis, Data conversion to Linkage format files
and QC was managed with the ALOHOMORA software
(Riischendorf and Niirnberg 2005). The sex of individuals
was estimated by counting heterozygous genotypes on the
X-chromosome and compared to the given pedigree data.
The relationships between family members were verified
with the program Graphical Relationship Representation
(GRR) (Abecasis et al. 2001). PedCheck (O’Connell and
Weeks 1998) was used to detect Mendelian errors (ME) and
SNPs with ME were removed from the data set. Unlikely
genotypes, e.g., double recombinants, were identified with
Merlin (Abecasis et al. 2002) and deleted in the individuals.

Linkage analysis was performed with Merlin (Abe-
casis et al. 2002) using an autosomal recessive mode of
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A Iranian consanguineous family B Pure-tone audiograms of a normal hearing (V-1/20 years, —) and
| CLRNZ affected (IV-1/29 years, — & IV-6/44 years, —) individuals
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Fig. 1 Pedigree, audiological data, genetic data, and locus mapping.
a The consanguineous family of Iranian origin with hearing loss and
segregation of the CLRN2 ¢494C > A variant. Linked haplotypes har-
bouring the pathogenic variant coloured in red with meiotic recom-
bination SNP markers underlined. SNP positions are annotated using
the GRCh37 human genome assembly. b Pure-tone audiograms from
affected individuals IV-1 (red) and 1V-6 (blue), as well as an unaf-
fected heterozygous individual V-1 (green). Air-conduction thresh-

inheritance with complete penetrance and a mutant allele
frequency of 0.001. To avoid the problem of Linkage Dise-
quilibrium (LD) between markers, which can lead to inflated
LOD scores, we created a less dense, LD-reduced marker
set of 91,426 SNPs with a minimal distance of 10,000 bases
between markers and a MAF > ().15. The exact position of
the LOD score regions, e.g., the recombination events, were
identified with the full marker set of 242,705 SNPs.

Additionally, homozygosity mapping was performed
using HomozygosityMapper to identify common homozy-
gous intervals among the affected individuals (Seelow et al.
2009). Runs of homozygosity with a maximum threshold
of 0.99 were checked after the exome-wide analysis was
completed.

For exome sequencing, DNA samples from two affected
individuals (IV-1 and I'V-6) were used. The data from indi-
vidual IV-6 were analyzed exome-wide and data from indi-
vidual IV-1 were used for determination of allele sharing.
Exome capture using genomic DNA was performed using

{ K' |

E

AV A J\M\A

olds in dB HL for the right and left ears are represented by circles
and crosses, respectively. Bone-conduction thresholds are represented
by < and > for right and left ears, respectively, and confirm a senso-
rineural hearing loss in the affected individuals. ¢ Linkage mapping
reveals a 14.96 Mb locus on chromosome 4 containing CLRN2. d
Sequence electropherograms showing the homozygous, heterozygous
and WT images of the CLRN2 ¢.494C > A; pThr165Lys pathogenic
variants

the SureSelect Target Enrichment v6 (Agilent) kit follow-
ing manufacturer’s recommendations. The libraries were
sequenced with a HiSeq4000 (Illumina). Data analysis was
performed using the Burrows—Wheeler Alignment (BWA)
tool for read mapping to the human reference genome
GRCh37 (hg19), Picard for duplicate removal, GATK for
local re-alignment, base recalibration, variant calling, and
variant annotation, and SnpEfT for variant annotation. Vari-
ant filtering was based on: coverage > 10X, Phred quality
score = 30, and MAF <0.005 as reported in 1000 Genomes
Project and EVS6500. Variants were filtered based on cod-
ing effect (non-synonymous, synonymous, indels, and splice
site variants), and artifact-prone genes (HLAs, MAGES,
MUCs, NBPFs, ORs, PRAMES) were excluded. ACMG
guidelines were used for variant interpretation (Oza et al.
2018). Visualization was performed using the Integrative
Genomics Viewer. Analysis of homozygous and compound
heterozygous variants between the two sequenced affected
individuals (IV-6 and IV-1) followed. We analyzed missense
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variants using a combination of criteria that scored conser-
vation using GERP++ and PhyloP, and deleterious or path-
ogenic scores in Combined Annotation Dependent Deple-
tion (CADD) (Kircher et al. 2014), LRT (Chun and Fay
2009), MutationTaster (Schwarz et al. 2014), PolyPhen-2
(Adzhubei et al. 2010), and SIFT (Ng and Henikoff 2001).
Missense variants were excluded when three out of five in
silico pathogenicity prediction tools yielded a benign score.
Manual MAF analysis used gnomAD (Lek et al. 2016),
GME (Scott et al. 2016) and Iranome (Fattahi et al. 2019).
Potential effects on splicing were assessed using ESEfinder
(Cartegni et al. 2003) and RESCUE-ESE (Fairbrother et al.
2004).

Segregation, sequence and in vitro splicing analyses
of the CLRN2 c.494C > A likely pathogenic variant

To confirm segregation of the CLRN2 ¢.494C> A;
p.(Thr165Lys) (NM_001079827.2) homozygous variant,
Sanger sequencing was completed in all 14 family members
using the following primers (CLRN2 Ex3 F: 5'-AAATGC
CACCTCTTACAGAGTTGC-3" and CLRN2 Ex3 R: 5"-ACC
GTGGCCTCTTCGATTTTGGTC-3") and standard PCR and
sequencing parameters.

To document residue conservation, CLRN1 (UniProt:
P58418) and CLRN2 (UniProt: AOPK11) were aligned and
visualized in Jalview (Waterhouse et al. 2009) with an over-
view of the pathogenic and likely pathogenic missense and
nonsense CLRN/ variants retrieved from the Deafness Vari-
ation Database v 8.2 (Azaiez et al. 2018).

In addition, secondary protein structure prediction of
human CLRN2 (NP_001073296.1) that included the wild-
type (WT) and mutated amino acid residues was performed
using [-TASSER (Yang et al. 2015).

To assess the splicing effect of the ¢.494C > A variant,
in vitro splicing assays, also called mini-genes, were car-
ried out as described (Booth et al. 2018a, b). WT CLRN2
exon 3 (266 bp) plus 183 and 51 nucleotides from intron
2 and the 3'UTR were PCR amplified with gene-specific
primers containing Sall or Sacll restriction enzyme sites,
respectively. After PCR amplification, clean up, and restric-
tion enzyme digestion, the PCR fragment was ligated into
the pETO1 Exontrap vector (MoBiTec) and the sequence
was confirmed. Variants were then introduced into the
WT sequence using QuikChange Lightning Site-Directed
Mutagenesis (Agilent) according to the manufacturer’s pro-
tocols via overlapping primers containing the alteration. The
WT and mutant mini-genes were sequence confirmed.

WT or mutant mini-genes were transfected in triplicates
into COS-7 and ARPE-19 cells using TransIT-LT1 Trans-
fection Reagent (Mirus). Cells were harvested 36 h after
transfection and total RNA was extracted using Quick-RNA
MiniPrep Plus kit (ZYMO Rescarch). cDNA was transcribed
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using 750 ng of isolated RNA SuperScript™ III Reverse
Transcriptase (ThermoFisher Scientific) using a primer spe-
cific to the 3’ native exon of the pETOI vector according to
manufacturer’s protocol. PCR amplification followed using
primers specific to the 5" and 3’ native exons of the pET01
vector, and products were visualized on a 1.5% agarose gel.
As a negative control, rs117875715 (chr4(GRCh37):g.17,5
28,480G > A), a benign polymorphism, was used to test and
validate the designed mini-gene assay.

Concurrently, the mini-gene splice assay experiment
was conducted in a double-blind manner as previously
described (Lekszas et al. 2020). Genomic DNAs of an
affected homozygous (IV-6) and WT individual (IV-5) were
amplified using a forward primer with a Xhol restriction site
(CLRN2 Ex3 Xhol F: 5"-aattctcgagTTGCAGTGAGCTGAG
ATGGT-3") and a reverse primer with a BamHI restriction
site (CLRN2 Ex3 BamHI R: 5'-attggatccGCCTTGCGAAGT
TGTTACTG-3"). The 886 bp amplicon included the entire
exon 3 sequence plus additional flanking 320 bp (5') and
306 bp (3") sequence that was ligated into a multiple cloning
site between native exons A and B in the linearized pSPL3b
exon-trapping vector. The vector was transformed into DH5«
competent cells and plated overnight. All mutant mini-genes
were Sanger sequence confirmed.

Homozygous and WT mini-genes were transfected in
triplicate into HEK 293 T cells cultured in FCS-free medium
in 6 well culture plates with a density of 2x 10° cells per
mL. The mini-genes in the pSPL3b vector were transiently
transfected using 6 pl of FuGENE 6 Transfection Reagent
(Roche) with 2 pg of vector. An empty vector and HEK
293 T cells were included as controls. The transfected cells
were harvested 24-48 h post-transfection. Total RNA was
prepared using the miRNAeasy Mini Kit (Qiagen). Approxi-
mately, 1 pg of RNA was reverse transcribed using a High
Capacity RNA-to-cDNA Kit (Applied Biosystems) follow-
ing manufacturer’s protocols. The cDNA was used for PCR
amplification using a vector specific SD6 forward (5'-TCT
GAGTCACCTGGACAACC-3") and a terminal CLRN2 exon
3 reverse cDNA primer (5'-CAAGATATCCTCAGCTGT
GACC-3"). The resulting amplified fragments were visual-
ized on a 1.5% agarose gel. cDNA amplicons were Sanger
sequenced. cDNA amplicons from the homozygous indi-
vidual were cloned following standard protocols for the TA
cloning (dual promoter with pCRII) kit (Invitrogen).

CRISPR/Cas9-mediated inactivation of clrn2
in zebrafish

Zebrafish (Danio rerio) were raised and maintained in
an AALAC accredited facility at the Oklahoma Medical
Research Foundation (OMRF) under standard conditions.
Zebrafish embryos/larvae were maintained in embryo
medium with 0.00002% methylene blue and raised at 28 °C.
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All animal experiments were performed as per protocol (17-
01) and approved by the Institutional Animal Care Commit-
tee of OMRF (IACUC). All zebrafish handling, embryo care,
and microinjections were performed as previously described
(Westerfield 2000). WT zebrafish strain NHGRI-1 was
used for all experiments (LaFave et al. 2014). The zebrafish
embryonic staging was determined by morphological fea-
tures according to (Kimmel et al. 1995).

To produce zebrafish clrn2 crispants, the sgRNA target
sequences were selected from the UCSC genome browser
tracks generated by the Burgess lab. Five independent targets
were chosen and sgRNAs were synthesized by in vitro tran-
scription as described earlier (Varshney et al. 2016). sgR-
NAs and Cas9 protein complex were used to generate indels.
A 6 pL mixture containing 2 pL of 40 uM Spy Cas9 NLS
protein (New England Biolabs, MA, USA), 200 ng each of
five sgRNAs (in 2 pL) and 2 pL of 1 M potassium chloride
was injected into one-cell-stage WT embryos. Injection
volumes were calibrated to 1.4 nL per injection. Insertion/
deletion (indel) variants were detected by amplifying the
target region by PCR and Sanger sequencing as described
earlier (Varshney et al. 2016). The sequencing data were
analyzed by Inference of CRISPR Edits (ICE) v2 CRISPR
analysis tool. The sgRNA target sequences and PCR primer
sequences are listed in Supplementary Table S1.

Zebrafish RNA extraction and quantitative reverse
transcription PCR (RT-qPCR)

Total RNA at different developmental stages, adult tissues,
and CRISPR/Cas9 injected larvae were extracted using
the TRIzol Reagent (Thermo Fisher Scientific, CA, USA)
and purified by RNA clean and concentrator-3 kit (Zymo
Research, CA, USA) according to the manufacturer’s
instructions. RNA concentration was measured by DeNovix
DS-11 spectrophotometer (DeNovix Inc., USA). The cDNA
was synthesized by iScript RT Supermix (Bio-Rad, USA),
and was used as a template for performing the RT-qPCR
with SYBR Green Supermix (Thermo Fisher Scientific, CA,
USA) and the Light Cycler® 96 System (Roche, CA, USA).
All RT-gPCR reactions were carried out using three biologi-
cal and technical replicates. The housekeeping gene /85 was
used as a reference gene.

All RT-gPCR primer pairs were designed across exon-
exon junctions using NCBI Primer-BLAST program (Sup-
plementary Table S1). PCR cycling conditions were used as
per manufacturer instructions. All reactions were carried out
using three biological and technical replicates. The house-
keeping gene /8S was used as a reference gene. Amplifica-
tion specificity was assessed by dissociation curve analysis.
The cycle threshold values (Ct) data were imported into
Microsoft Excel for the relative gene expression analysis.
Quantification was based on 2*(—AACT) method (Livak and

Schmittgen 2001), and using 18 h post fertilization (hpf) for
clarin 2 temporal expression, muscle for clarin 2 in differ-
ent tissue expression and the corresponding age-matched
control for clarin 2 CRISPR injected F, larvae as normali-
zation control.

Distribution of clrn2, phalloidin staining
and behavioral analysis in zebrafish

To determine clrn2 expression, we used in situ hybridi-
zation on larvae and inner ear-containing cryosections.
The full-length coding sequence of zebrafish clarin 2
(NM_001114690.1) was PCR amplified from WT zebrafish
cDNA using primer pairs with BamHI and Xhol restriction
sites cloned into the pCS2+ vector (a kind gift from Dr. Dave
Turner, University of Michigan). After restriction digestion,
the resulting clones were sequenced and used as templates
for riboprobe synthesis. The digoxigenin-UTP-labeled ribo-
probes were synthesized according to the manufacturer’s
instructions (Millipore Sigma, MO, USA). Briefly, the clarin
2 and the pvalb9 plasmids (Horizon Discovery) were line-
arized by BamHI and Notl restriction enzymes, respectively.
The linearized plasmid was purified and used as template
for in vitro transcription using T7 RNA polymerase to syn-
thesize anti-sense probes. The sense probe was made using
Xbal linearized clarin 2 plasmid and SP6 RNA polymerase.

Whole-mount in situ hybridization (WISH) on 3 and 5
dpf zebrafish embryos/larvae was performed following the
procedures as described by Thisse et al. with minor modi-
fications (Thisse and Thisse 2008). Age-matched zebrafish
embryos were randomly collected by breeding WT zebrafish
pairs. The embryos were treated with 0.003% phenylthiourea
(PTU) (Millipore Sigma, MO, USA) in embryo medium at
1 day post-fertilization (dpf) until the desired stages reached
to reduce the pigment formation that will facilitate color
visualization during in situ hybridization. Embryos/larvae
were then fixed with 4% (V/V) paraformaldehyde in phos-
phate-buffered saline (PBS) at 3 and 5 dpf. An additional
bleaching step was carried out after fixation by incubating
the embryos at room temperature in a 3% hydrogen peroxide
and 0.5% potassium hydroxide solution. The permeabiliza-
tion of 3 dpf embryos and 5 dpf larvae was performed using
2 pg/mL proteinase K for 12 and 18 min, respectively. Color
development was conducted using the BM-Purple alkaline
phosphatase substrate (Millipore Sigma, MO, USA).

For preparation of cryo-sectioned samples after WISH,
the 5 dpf larvae were soaked in 25, 30% (V/V) sucrose/PBS
and optimum cutting temperature (OCT) each for at least
2 days, and embedded in OCT, then Cryotome sectioned at
a 10-um thickness.

For phalloidin staining of the zebrafish inner ear, 5 dpf
larvae were euthanized with tricaine and fixed in 4% (V/V)
paraformaldehyde (PFA) at 5 dpf, fixed embryos were
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washed by PBSTx (1% PBS. 0.2% triton X-100) and incu-
bated in 2% triton X-100 in PBS at room temperature for
overnight with agitation until the otoliths were completely
dissolved. The larvae were sequentially washed in PBSTx
and incubated with Alexa Fluor 488 Phalloidin (1:50)
(Thermo Fisher Scientific, CA, USA) in PBSTw (1% PBS,
0.1% Tween-20) at room temperature for 4 h. The samples
were washed in PBSTx after staining and mounted laterally
in 75% glycerol on slides. Images were acquired with a Zeiss
LSM-710 Confocal microscope.

To perform the acoustic evoked behavioral response
(AEBR) test, 6 dpf larvae were placed in a 48-well plate
with 200 uL embryo water and placed in a Zebrabox (View-
Point Life Sciences) and embryos were adapted in the dark
for 15-30 min (until spontaneous movements were less fre-
quent). The embryos were subjected to a 100 ms, | kHz pure
tone at 100% target power every 20 s for 4 min (12 stimuli) in
the dark. The Zebrabox recorded the animals using infrared
light and measured the activity as pixel changes over time.
The burst threshold was set at 50 pixels, the freeze threshold
set at 10 pixels, and sensitivity was set at 20 pixels. Move-
ment over the 50 pixel burst threshold within the 2 s after
stimulus was considered an evoked response. Responses
were excluded if the larvae had spontaneous movement
within the 2 s before the stimulus. All responses for a larva
were excluded if they had spontaneous movement before 6
or more of the stimuli. The response rate was calculated by
how many times an embryo had an evoked response out of
the total number of stimuli and converted to a percentage.

Production and phenotyping of clarin 2 deficient
mutant in mice

The Clrn2%%?? mutant line was generated on a C57BL/6N
background by the Molecular and Cellular Biology group
at the Mary Lyon Centre (MLC), MRC Harwell Institute,
using CRISPR/Cas9 genome editing (Dunbar et al. 2019).
The mice were housed and maintained under specific path-
ogen-free conditions in individually ventilated cages, with
environmental conditions as outlined in the Home Office
Code of Practice. Animals were housed with littermates until
weaned, and then housed with mice of the same sex and of
similar ages, which was often their littermates. Both male
and female animals were used for all experiments. Animal
procedures at the MRC Harwell Institute were licenced by
the Home Office under the Animals (Scientific Procedures)
Act 1986, UK and additionally approved by the Institutional
Animal Welfare and Ethical Review Body (AWERB). The
Clrnl™" mice (Clrni™2"e MGI: 6099052) used for com-
parative scanning electron microscopy analyses were previ-
ously described (Dulon et al. 2018).

To screen mice for auditory phenotypes and investigate
auditory function, Auditory Brainstem Response (ABR)
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tests (measured using a click stimulus and frequency-spe-
cific tone-burst stimuli (at 8, 16 and 32 kHz) and Distortion
Product Oto-Acoustic Emission (DPOAE) tests (measured
using frequency-specific tone-burst stimuli from 8 to 32 kHz
with the TDT RZ6 System 3 hardware and BioSig RZ soft-
ware (Tucker Davis Technology. Alachua, FL, USA)) were
performed as described in Dunbar et al., 2019. For scan-
ning electron microscopy imaging, fixed inner ear samples
were processed by the osmium tetroxide/thiocarbohydrazide
(OTOTO) method, as previously described (Dulon et al.
2018; Dunbar et al. 2019). Samples were visualized with
a JSM-6010LV Scanning Electron Microscope (JEOL).
Micrographs were pseudo-coloured in Adobe Photoshop.

Statistical analysis

To compare the c¢frn2 mRNA expression in zebrafish, data
are presented as mean values + standard deviation (SD).
Statistical analysis was performed using GraphPad Prism
version 8.4 (GraphPad Software, San Diego, CA, USA). The
significance level was set to 0.05. The p value was deter-
mined using a two-tailed unpaired Student’s t-test for RT-
gqPCR of cirn2 mRNA expression, and a two-tailed unpaired
nonparametric Mann—-Whitney U test for AEBR analysis.
The statistical significance is represented in the figures as
Rk < (0.001.

To assess ABR thresholds and DPOAE responses in the
Clrn291929 mice, one-way ANOVA statistical tests were
used. Each frequency was tested for statistical significance
separately. A threshold of p> 0.05 was used to determine if
differences were statistically significant. Statistical signifi-
cance is represented in the figure as follows: **#p <0.001.
All data shown are mean £ SD, and all statistical analyses
was performed in GraphPad Prism.

Results

Identification of CLRN2 as a novel deafness gene
in a consanguineous Iranian family exhibiting
autosomal recessive non-syndromic sensorineural
hearing loss

A three generation Iranian family of Lurs ethnicity was
ascertained as part of a large ethnically diverse lranian pop-
ulation rare disease study (Fig. 1a). Three individuals that
included the proband (IV-6), his sibling (IV-1), and a cousin
(IV-8), born form consanguineous marriages, have reported
moderate-to-profound bilateral non-syndromic sensorineu-
ral hearing loss (Fig. 1b). The age of onset for these three
individuals was between 2 and 3 years of age. Pure-tone
air- and bone-conduction audiometry thresholds (Fig. 1b)
show evidence of intrafamilial variability. Individual V-1
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has a down sloping audiogram, with bilateral moderate-to-
profound deafness. Individual TV-6 presented a moderate-
to-severe hearing loss with slightly better hearing at higher
frequencies. Both individuals showed normal (type A) tym-
panograms bilaterally. Speech recognition thresholds for
individual IV-1 were 80 and 75 dB at 84 and 88% for right
and left ears, respectively, and a most comfortable level of
95 dB. Speech recognition thresholds for individual IV-6
were 75 and 80 dB, each at 84%, for right and left ears,
respectively. Patients have normal neuromotor, speech and
language development, and did not show signs of impaired
balance. No other abnormalities, including potential vision
deficit, were present in the affected individuals, who were
last evaluated at the age of 29 (IV-1), 44 (IV-6), and 25 (IV-
8) years. For comparison, pure-tone audiometry was also
recorded from a family member (V-1), with no reported his-
tory of hearing deficits.

To identify the underlying genetic lesion, genome-wide
linkage analysis identified one single significant maximum
LOD score of 3.8 on chromosome 4 (Supplementary Fig.
Sla-b). Linkage analysis and haplotyping with the dense
marker set showed the adjacent markers rs7690593 and
rs608053 (GRCh37/hg19, chrd: 17,298,007-32,261,222 bp,
hg19). The homozygous region spans 14.96 Mb and over-
laps with the CLRN2 gene position (Fig. 1c¢). As a second
independent method, we applied homozygosity mapping in
the extended family to identify a 15.2 Mb locus on chro-
mosome 4p15.32p15.1 (GRCh37/hgl9, chr4:17,298,445-
32,495,165), defined by the SNPs rs7692897 and
rs17081424 (Supplementary Fig. Slc, Supplementary
Table S2) that mirror the linkage results. This locus contains
30 genes, none of which are presently associated with deaf-
ness in humans (Supplementary Table S2). This approach
also revealed four much smaller homozygous intervals on
chromosomes 2p21 (137.3 kb), 3p22.2 (262.5 kb), 13q13.1
(90.7 kb), and 179q21.31 (292.6 kb) (Supplementary Fig.
Sle, Supplementary Table S2) that do not contain known
deafness-associated genes (Supplementary Table 52).
Pathogenic copy number variations were excluded. Next,
we undertook exome sequencing of affected individual
IV-6 (arrow, Fig. la). This generated 56,387,543 mappa-
ble reads, with 75.5% on-target reads. The mean depth was
57.3-fold, with 97.3% of regions with a tenfold read depth.
Analysis of the exome data of individual IV-6 excluded any
candidate pathogenic variants in known deafness-associated
genes (Doll et al. 2020) prompting an exome-wide analysis
followed by filtering and re-analysis of variants in homozy-
gous intervals (Supplementary Table S3). Further, close
inspection of the exome sequencing data revealed complete
sequencing coverage of genes in the homozygous intervals
(Supplementary Table S4). Variant filtering detected a sin-
gle homozygous missense variant in CLRN2 ¢.494C > A,
(p.(Thr165Lys)) (NM_001079827.2) in the linked and

homozygous interval on chromosome 4 (Supplementary
Fig. Sla—c). This variant was shared with individual V-1
and segregated in the extended family comprising a total
of 14 individuals (Fig. la, d) and was the only remaining
variant in the locus fulfilling variant filtering criteria. Only
individuals homozygous for the CLRN2 ¢.494C > A variant
exhibit hearing loss confirming the recessive nature of the
allele (Fig. la). This variant fulfills ACMG criteria for clas-
sification as likely pathogenic (PM2_Moderate, PP1_Strong,
PP3_Supporting).

The CLRN2 ¢.494C > A leads to a likely pathogenic
missense substitution and aberrant splicing

The ¢.494C > A variant on chromosome 4p15.32 is unani-
mously predicted to be deleterious and disease causing by
in silico tools (Supplementary Table S5). The ¢.494C > A
variant in CLRN2 replaces a polar uncharged amino acid
(threonine) with a positively charged amino acid (lysine) in
clarin 2, (p.(Thr165Lys)) (Creixell et al. 2012). This variant,
as well as homozygous loss-of-function alleles, are absent
in population frequency databases. This suggests CLRN2
is intolerant to biallelic loss-of-function. Our in-house col-
lection of 89,041 additional exomes/genomes, including a
multiethnic cohort of 842 exomes from probands with auto-
somal recessive hearing loss, identified four individuals from
three families of Iranian, Turkish, and Emirati ethnicities,
who carried the CLRN2 ¢.494C > A variant (allele frequency
2.24%107). An Iranian hearing impaired individual was
included among the carriers.

The ¢.494C > A variant involves the exchange of a
novel polar threonine (Thr) residue to a basic lysine (Lys)
amino acid that affects a highly conserved amino acid in
the alpha-helix of the PMP-22/EMP/MP20/Claudin super-
family domain (Fig. 2a—c). Among clarin proteins, clarin
2 and clarin 1 show 34.9% identity with 81 identical and
91 similar amino acids (using UniProt (UniProt Consor-
tium 2018}, Fig. 2b). The outcome of CLRNI pathogenic
or likely pathogenic missense variants, as well as nonsense
variants (queried from the Deafness Variation Database v8.2
(Azaiez et al. 2018)) are marked in red (Fig. 2b) along with
the clarin 2 p.(Thr165Lys) amino acid substitution (Fig. 2b,
asterisk). Interestingly, nine out of the 19 clarin 1 amino
acid mutated residues are identical in clarin 2. Three clarin
1 amino acid substitutions (p.(Leul63Pro), p.(Leul67Trp),
and p.(Ile181Asn), NP_001182723.1} align in close prox-
imity to the clarin 2 p.(Thr165Lys). Furthermore, clarin 1
p.Leul63Pro (Fields et al. 2002) and p.Ile181Asn (Garcia-
Garcia et al. 2012), that are both reported in USH3A, are
p.Leul50 and p.Ilel68 in clarin 2. Most importantly, the
threonine residue at position 165 (Thr165) CLRN2 is con-
served across species and the corresponding amino acid
in clarin 1 is a serine residue (Fig. 2a-b), a scenario often
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Fig.2 Conservation of the p.Thrl65 residue, and clarin l/clarin 2
alignment. a Overview of clarin 2 protein and modular structure of
the PMP-22/EMP/EP20/Claudin superfamily, with amino acid resi-
due coordinates and position of the p.(Thr165Lys) substitution shown
(upper panel). An alignment of the amino acid sequences from the
segment of clarin 2 (represented by dashed lines) from vertebrate
species shows the Thr165 position (asterisk) is well conserved
among vertebrates. b Alignment of clarin 2 (UniProtKB: AOPKI11,
upper alignment) and clarin 1 (UniProtKB: P58418, lower align-

associated with conserved phosphorylation site residue, here
by serine/threonine protein kinases (Creixell et al. 2012).
In addition to causing an amino acid missense sub-
stitution, computational analysis also predicts that the
¢.494C > A variant will create an exonic splicing enhancer
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ment) amino acid residues. Transmembrane domains are marked in
grey, conservation is shown in yellow, and consensus sequences are
shown below for the 232 amino acid proteins. Missense and nonsense
variants in clarin | (Deafness Variation Database v8.2) and clarin 2
(present study, asterisk) are marked in red. ¢ The predicted secondary
structure of human clarin 2 (NP_001073296.1) wild-type (Thrl65)
and mutated (Thr165Lys) protein. H represents alpha-helix, S repre-
sents beta-strand and C represents coil

(ESE) motif, modifying the ESE hexameric sequence land-
scape of exon 3, which could interfere with the normal pro-
cessing of CLRN2 mRNA (Figs. S2a-b; ESEfinder and RES-
CUE-ESE, Human Splicing Finder) (Cartegni et al. 2003;
Desmet et al. 2009; Fairbrother et al. 2004), To investigate
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the effect of the ¢.494C > A variant on CLRN2 splicing, we
used mini-gene assays using two different exon-trapping vec-
tors and three different cell lines, Cos-7, ARPE-19, and HEK
293 T. The mini-gene contained the 3’ end of intron 2, all of
exon 3 (with and without the CLRN2 variant), and ~ 50 bp
of the 3’ UTR (Fig. 3a) and was transfected into COS-7 and
ARPE-19 cells. As a negative CLRN2 control, we used the
rs117875715 SNP, a common polymorphism, with a global
MAF of ~ 1.25% and > 100 homozygous alleles reported in

A CLANZ allele and mini-gene splice construct design

Wild-type .o TGA
CLANZ ol st Bl B4 polya
I ImE I T ow
L Clarin-2 232 aa
CLRNZ patients
Wi e &l ] B naiive PaiyA
N
D e | —&,
p.Thr165Lys
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CLRNZ exon 3 in pETO1 "3
8exon. 1 E<m [ESER  pova
—_— —— PETOT vector
ot polyA signal
PETO1 5% exon PETO1 intron
and intron and 3’ exon

gnomAD (Lek et al. 2016) (http://gnomad.broadinstitute.org/
variant/4-17528480-G-A) that is 20 nucleotides away from
¢.494C > A. Given its frequency, rs117875715 is predicted
to be benign for hearing loss. Of note, this polymorphism
is absent in the proband and family members reported here.
Since exon 3 is the last exon of CLRN2Z, we designed our
PCR primers to exclude the human poly-A signal and used
the poly-A signal native to the pETOI vector. As expected
for WT CLRN2 (c.494C), we detected the splicing of the 5

B RT-PCR of transcripts from post-mini-gene
transfected COS-7 cells
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Fig.3 Analysis of the CLRN2 ¢494C > A variant on splicing. a Sche-
matic illustration of the mini-gene splice construct design. Genomic
representation of CLRN2, including the position of the missense
variant ¢.494C > A (arrow) on exon 3 with 3’ UTR (green), and the
5" UTR, as well as exons 1 and 2 (grey) (upper panel). Regions cap-
tured by mini-gene PCR primers are represented in brown. Schematic
illustration of the mini-gene splice construct including exon 3 and
its flanking sequence (green) cloned into multiple cloning sites (Sall
and Sacll sites) of pET01 backbone vector (lower panel). Blue boxes
represent native exons of the pETO1 vector. b RT-PCR of transcripts
from post-mini-gene transfected COS-7 cells. Amplicons derived
from the transcripts of WT (CLRN2), a benign CLRN2 polymor-

phism (rs117875715, chr4(GRCh37):2.17,528.480G > A), the CLRN2
c.494C > A variant and a negative control, were visualized on a 1.5%
agarose gel. The SNP, rs117875715, was used to test and validate the
designed WT and mutant mini-gene assay. The~650 bp amplicon
was associated with the WT and validation control rs117875715. The
amplicon derived from the CLRN2 c.494C> A transcripts showed
two bands: a 650 bp band and a larger~ 1360 bp band, indicat-
ing retention of intron separating the donor site of the 5" exon and
the acceptor site of CLRN2 exon 3. ¢ Retention of intron in CLRN2
€.494C > A mini-gene results in a stop codon (TGA) after CLRN2
exon 2

@ Springer

116



924

Human Genetics (2021) 140:915-931

native pETO1 exon only to exon 3 of CLRN2 (Fig. 3a-b). The
same normal splicing was obtained in all cell types trans-
fected with CLRN2 containing the control (rs117875715)
variant (Fig. 3b). However, the ¢.494C > A variant yielded
two bands; one ~ 650 bp band matching the expected nor-
mally spliced exon, and a second abnormal band that was
approximately ~ 1360 bp (Fig. 3b). Sequencing of these
amplicons validated normal splicing including the ¢.494A
variant and also revealed a retained intron 2 in the aberrantly
spliced transcript (Supplementary Fig. S3c¢). 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)) (Fig. 3¢). These results were repli-
cated using the pSPL3b vector and HEK 293 T cells (Sup-
plementary Fig. S3a—c), confirming the ¢.494C > A induced
normal and aberrant splicing, independent of the cell type
context. Following TA-cloning of cDNA amplicons from the
homozygous individual (from Supplementary Fig. S3b), 23
of 26 amplicons (88.5%) showed normal splicing, and 3 of
26 amplicons (11.5%) showed a retained intron.

The mini-gene splicing assays and sequence analyses
clearly show that the ¢.494C > A affects a highly conserved
and key residue in clarin 2 sequence, while also creating
aberrant mRNA splicing in vivo likely leading to a trun-
cated protein. Altogether, this further confirms that variants
in CLRN2 can lead to sensorineural hearing loss.

CIrn2, a hair cell expressed gene key to hearing
also in zebrafish and mice

To further study the role of clarin 2 in the inner ear, we
investigated its expression and analyzed potential impact of
Clrn2 loss-of-function in two other species, zebrafish and
mice.

clrn2 in zebrafish

Taking advantage of larva transparency, we used zebrafish
as a model to investigate the clarin 2 expression during early
embryonic development. The RT-qPCR at different develop-
mental stages revealed that e/rn2 mRINA was first detected at
18 hpf (Fig. 4a), a stage when the otic placode begins to form
the otic vesicle in zebrafish (this stage is similar to mouse
embryonic day 9 (E9), a stage of otic placode formation)
(Kopecky et al. 2012; Whitfield et al. 2002). c¢/rn2 mRNA
expression increased (twofold at 72 and 96 hpf compared
to 18 hpf) and was maintained at later stages, up to 120 hpf
(Fig. 4a). Comparative analyses of clrn2 mRNA expression
in different adult tissues of zebrafish revealed a significant
enrichment in utricle, saccule and lagena of the inner ear
(Fig. 4b). Our data are in agreement with RNA expression
data from the Genotype-Tissue Expression (GTEX) project,
wherein CLRN2 mRNA in humans is enriched in the nervous
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system, testis, kidney, salivary gland, and lung. CLRN/ has
a similar expression profile in humans.

To determine clrn2 cellular expression, we used WISH
in the inner ear of 3 and 5 dpf embryos (Fig. 4c—d). Unlike
the clrn2 sense probe, the anti-sense clrn2 revealed strong
expression in the otic vesicle, similar to the expression of
anti-sense pvalb9, used as a marker of hair cells (Fig. 4¢).
Histological examination of 5 dpf embryos further con-
firmed that cfrn2 expression is more specifically, restricted
to hair cells, and is not expressed in the supporting cells of
the inner ear (Fig. 4d).

To elucidate the function of ¢frn2 in zebrafish, we used
CRISPR/Cas9 to generate loss-of-function alleles. To maxi-
mize the knockout efficiency, we used five sSgRNAs targeting
the first and second exon of ¢lrn2 gene (Supplementary Fig.
S4). Injected embryos (crispants) were sequenced and, as
expected, a mix of alleles in the form of deletions ranging
from 4 to 73 bp. as well as insertions spanning + 1 to+ 11 bp
were observed. The majority of the variants were frameshift
that would most likely create a premature stop codon in the
protein (Supplementary Fig. S4). The RT-gPCR analyses on
injected embryos showed that clrn2 crispants have a signifi-
cantly reduced amount of c/rn2 mRNA (Fig. 4e), suggest-
ing nonsense mediated decay, leading to disrupted clarin 2
protein function.

To test acoustic responses, we performed the AEBR
analysis. The c¢lrn2 crispants showed significantly reduced
response after sound stimulation (Fig. 4f) compared to the
control animals, indicating a hearing loss phenotype. Con-
sidering clrn?2 expression in hair cells (Fig. 4d), we investi-
gated the architecture of their mechanosensory hair cell bun-
dles, which are important for hearing and balance function
in zebrafish. Interestingly, fluorescent phalloidin staining of
the hair bundles of the inner ear in clrn2 crispants (n=10)
showed disrupted hair bundle structure and fewer hair cells
compared to the WT controls (arrowheads in Fig. 4g). This
defective phenotype, suggesting a critical role in hair bundle
structures, is similar to the hair bundles in zebrafish clrnf
knockouts (Gopal et al. 2015), the orbiter mutants (defec-
tive in protocadherin 15 (pedhl’), a gene associated with
human Usher syndrome 1F) (Seiler et al. 2005) and ushlic
morphants and ush/c mutants (Phillips et al. 2011).

Clrn2 in mice

To further assess the requirement of clarin 2 for auditory
function in mammals, and assess further its role in auditory
hair bundles, we extended our analyses to mouse. Consist-
ent with expression data in zebrafish (Fig. 4a, c-d), sin-
gle cell RNA-seq data available to visualize on the gEAR
portal (umgear.org) show that in the mouse cochlear epi-
thelium at postnatal day 1 (P1) and P7, Clrn2 transcripts
are almost exclusively detectable only in inner and outer
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Fig.4 Clarin 2 is required for the inner ear function in zebrafish. a
RT-qPCR of clrn2 mRNA expression from 1 to 120 hpf of WT
embryos/larvae. clarin 2 mRNA expression can be detected starting
from 18 hpf and then increased throughout development. Data shown
are mean+SD and compared to 18 hpf. b RT-gPCR of c/rn2 mRNA
expression in different adult tissues. Data shown are mean+ SD and
compared to muscle. ¢—d Whole-mount in situ hybridization (WISH)
using antisense clrn2 probe reveals the inner ear expression of clrn2
mRNA (relative dark purple color, black arrowhead) at 3 (¢) and 5
(d) dpf embryos. Sense clrn2 probe was used as negative control
and relative light purple color is considered as background. cfrn2
mRNA was consistently expressed in hair cells within inner ear mac-
ula (e—d) with lined and arrayed structure. A known hair cell marker
pvalb9 was used as an indicator for hair cells in the inner ear of 3

Hair bundle morphology

dpf embryos (¢). Cryosection was performed after c¢/rn2 WISH at 5
dpf to confirm the small patch of signal on the macula is from hair
cells rather than supporting cells (d, black arrow lower panel). Scale
bar= 100 pum, except lower panel in D (20 um). e RT-qPCR of clrn2
mRNA expression level was decreased 70% in clrn2 crispants com-
pared to uninjected larvae, indicating clrn2 was successfully knocked
out (p=2.06E-06). Data shown are mean=5SD. ***p<0.001, two-
tailed unpaired Student’s r test.  Acoustically evoked behavioral
responses (AEBR) in clrn2 wild type and crispants reveal significant
reduction of sound induced responses. g Phalloidin staining on clrn2
crispants show that the hair cells in the inner ear anterior and poste-
rior maculae display splayed, thin and split structures (purple arrow-
heads). A, anterior to the left. D, dorsal to the top. V, ventral to the
top. Scale bar=10 um
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hair cell populations (Kolla et al. 2020) (see also Supple-
mentary Fig. $5). We utilized a CRISPR/Cas9-engineered
Clrn2 mouse mutant, in which exon 2 has been deleted
(Clrn24'%2%) (Fig. 5a). While this deletion leaves exon
3 in-frame with exon 1, exon 2 encodes two of the trans-
membrane domains present in the tetraspan clarin 2 protein
(lower panels Fig. 5a), and is therefore expected to severely
affect protein function. In a preliminary work focused on
clarinet mice, which display a nonsense Clrn2 mutation,
p.(Trp4*), we showed that addition of the Clrn2%'%*? allele

into the clarinet background, Clrn2¢/rinedelo2? vas unable to

complement the clarinet allele causing hearing loss in these
mice, indicating Clrn2"* is also a loss-of-function allele
(Dunbar et al. 2019). Here, we provide the first morpho-
functional characterization of Clrp29¢1629/41629 1ice which,
unlike the previously reported clarinet mice, are congenic
on the C57BL/6N background, and measured ABRs in P21
(+ 1 day) mice in response to click and tone-burst stimuli.
Analysis of ABR thresholds, which is the lowest sound
stimulus required to elicit measurable activity in the auditory

A CIrn2in wild type and mutant mice B  ABRthresholds and DPOAES in presence (o, ) or absence (o)
Cim2 allele and mouse wild-type protein of clarin 2
aTa TaA o C"rne e Ch-nl? del62als = C{rnz dolG20/ deG29
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Fig.5 Clarin 2 is required for hearing function in mouse. a The genomic
structure of mouse Clrn2 (ENSMUSTO00000053250), and domains of the
encoded tetraspan-like glycoprotein (232 amino acids). The positions of
the transmembrane (TM) domains (dark green) and the structures of the
WT Clm2 and Clrn2%'%* glleles are indicated. Deletion of exon 2 leads
to a shortened clarin 2 lacking the two central transmembrane domains.
b ABR threshold measurements at P21 (+1 day) show that Clrn-
A2 e (red) exhibit a severe-to-profound hearing loss affect-
ing all frequencies tested, with thresholds at 80 dB SPL and beyond.
Age-matched Clm27* (black) and Clrn2%'%%% (grey) controls display
thresholds within the expected range (15-40 dB SPL). Averaged DPOAE
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stimulus frequency (kHz)

click

stimulus frequency (kHz)

Clrn2 des2oideiczs

responses al P28 (+1 day), showing significantly reduced responses in
Cln2 02941529 hice Data shown are mean+SD. *¥p<0.001, one-
way ANOVA. ¢ Pseudo-colored scanning electron micrographs illustrate
the three full rows, tallest (red), middle (blue) and short (yellow), of P28
(1 day) stereocilia in THC and OHC hair bundles. Unlike the frag-
mented hair bundle in Clrn ™ mice, lack of clarin 2 does not affect the
shape of THC or OHC hair bundles. However, all the short row stereocilia
have completely or partially regressed in the absence of either clarin pro-
tein. Scale bar=1 pm
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nerve, showed that homozygous (Clrn29¢02%4¢92%) mice dis-
play very elevated thresholds (> 80 decibel sound pressure
level (dB SPL)) at all frequencies tested: 8, 16 and 32 kHz
(Fig. 5b). Whereas, Clrn2¢“'*** mice exhibit thresh-
olds comparable with those of WT (Clrr2**) littermates
(<40 dB SPL), demonstrating the absence of a heterozygous
auditory phenotype (Fig. 5b).

To further assess cochlear function, DPOAESs were meas-
ured in P28 (+ 1 day) Clrn29¢/62941629 1mice. Compared to
their Clrn2™* and Clrn2”'™*** littermates, Clyn24/6294c629
mice have reduced DPOAEs (Fig. 5b) suggesting impaired
outer hair cell (OHC) function.

To investigate stereocilia bundle morphology in
Clyn2de!629del629 mice, we used scanning electron micros-
copy to examine the cochlear sensory epithelia. At P28
(+ 1 day), the inner and outer hair cell stereocilia bundles
of Clrn2 mutant mice display the expected U- and V-shape,
respectively, which contrasts with the grossly misshapen
OHC bundles found in Clrrl mutant mice (Fig. 5¢). How-
ever, while the patterning of the bundles appears normal in
Clyn24el629/e1629 13106 the heights of their middle and short
row stereocilia are visibly more variable compared with
those of Clrn2** littermates, and many of the short row
‘mechanotransducing’ stereocilia are missing (Fig. 5c).

Together, our findings establish that clarin 2 is key to
hearing function in zebrafish and mouse, supporting that
this protein has an evolutionary conserved role in the main-
tenance of hair bundle architecture in fish and mammals.

Discussion

We identify CLRN2 as a novel deafness gene in human and
zebrafish and describe a new deafness-causing allele in mice.
Genetic study using gene mapping and exome sequencing
of an extended Iranian family with multiple consanguine-
ous marriages identified a pathogenic variant, c.494C> A
in exon 2 of CLRN2 segregating with pre-lingual ARNSHL.
Due to restricted expression of CLRN2 in accessible tissues
such as blood or saliva, we performed in vitro splice analy-
sis. The ¢.494C > A variant results in a missense and splicing
defect in clarin 2. By producing mutant zebrafish and mice
lacking clarin 2, we demonstrated the key role the protein
plays to ensure normal structural and functional integrity of
the hair bundle, the sound- and motion-receptive structure
of inner ear hair cells.

The clarin gene family also includes the CLRN/ gene.
Pathogenic variants in CLRN/ have been linked to variable
clinical outcomes, ranging from non-syndromic RP (Khan
et al. 2011) to USH3A characterized by variable and pro-
gressive post-lingual hearing loss, RP, and variable vestibu-
lar responses (Plantinga et al. 2005). Several cases of later
onset HL and/or RP, as late as the sixth decade of life, have

been reported for USH3A patients (Ness et al. 2003). Clinical
examination of affected individuals in this family, at the age
of 25 (IV-8), 29 (IV-1), and 44 (IV-6) years of age, excluded
the presence of additional syndromic features showing that
homozygosity for the ¢.494C > A variant causes non-syndro-
mic hearing loss, ranging from moderate-severe (IV-6) to pro-
found (I'V-1) deafness. In regard to the observed progressiv-
ity of the hearing impairment in clarinet mice (Dunbar et al.
2019), the earliest reported clinical diagnosis of hearing loss
of the CLRN?2 affected individuals in the family we present
is between 2 and 3 years of age. Newborn hearing screening
was not routinely performed when the affected individuals
were born, so we cannot confirm hearing was normal at birth.
In light of absent serial audiograms, we cannot report if the
hearing loss experienced in these patients is progressive, as
is observed in the mouse model (Dunbar et al. 2019). So far,
we could not identify, through our current network, additional
families with CLRNZ2 variants. Featuring CLRN2 as a new
human deafness gene, future genetic screenings of hearing
impaired families worldwide will probably unveil additional
CLRN?2 families and provide important clues about associated
clinical phenotype progression and severity.

Our data showed that the CLRN2 ¢.494C > A variant
probably affects protein function in two ways: (1) as a mis-
sense variant (p.(Thr165Lys)) producing a mutant full length
protein and (2) as a splice variant leading to intron reten-
tion (Fig. 3b, and Supplementary Fig. S3b—c) expected to
cause a premature stop codon 26 amino acids into intron 2
(p.(Gly146Lysfs*26)).

In normally spliced CLRN2 transcripts, the ¢.494C> A
variant affects an amino acid that is highly conserved
among PMP-22/EMP/EP20/Claudin superfamily proteins.
Two potential mechanisms could synergistically contribute
to the disruptive effect of the missense variant. First, the
replacement of threonine with lysine, an amino acid with
a positively charged “bulky” side chain (lysine), may affect
protein folding (Creixell et al. 2012) and transport to the
plasma membrane. Membrane proteins sort to the plasma
membrane via the conventional secretory pathway associ-
ated with ER-to-Golgi complex (Viotti 2016). Misfolded
membrane proleins are typically retained in the endoplasmic
reticulum (ER) and degraded by the ER-associated degra-
dation pathway (Kincaid and Cooper 2007; Sano and Reed
2013). It is possible that a small fraction of the misfolded
clarin 2 p.(Thr165Lys) could reach the plasma membrane
via the unconventional secretory pathway, similar to that
reported for clarin 1 p.(Asn48Lys) (p.(N48K)) (Gopal et al.
2019). The unconventional secretory pathway is induced by
the ER-associated misfolded or unfolded protein response
(Kinseth et al. 2007; Schroder and Kaufman 2005). How-
ever, the mutant clarin 2 reaching the surface may be func-
tionally inactive. Second, evolutionarily conserved threo-
nine residues are also conserved protein phosphorylation
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sites. Phosphorylation adds a negative charge to the side
chain of the amino acid and it serves as an important post-
translational mechanism for regulation of protein function
(Pearlman et al. 2011). Loss of threonine at position 163
would potentially prevent functional activation of clarin 2.
As our attempts to discriminate impact of the amino acid
substitution in a human cell line yielded no conclusive
results (KNA, unpublished data), additional experiments in
an in vivo context are essential to test these hypotheses and
unravel the true pathogenic mechanism associated with the
p.(Thr165Lys) missense variant.

With respect to the aberrantly spliced CLRNZ transcripts,
variants that disrupt splicing machinery signals are recognized
as significant contributors to human genetic diseases (Xiong
et al. 2015), with variants shown to impact accurate recogni-
tion and removal of intronic sequences from pre-mRNA (Fair-
brother et al. 2004). ESE sequences are cis-actling elements
primarily recognized by the SR family proteins that function
by recruiting core splicing machinery components to splice
sites or by acting antagonistically against nearby silencing ele-
ments (Fairbrother et al. 2004; Graveley 2000; Kan and Green
1999). ESEs are often associated with introns that contain
weak splicing signals, but they can also reside in exons and
impact the splicing process. Using mini-gene assays in human
cell lines, we could show that the CLRN2 variant-induced
aberrant splicing amounts to 10-15%, but its occurrence and
rate in a biological context remains to be established. We,
however, expect that the partial (only 3 out of 4 TM domains)
and truncated (lack of C-terminal region) protein resulting
from aberrant splicing due to CLRN2 ¢.494C > A variant is
non-functional. Indeed, the integrity of all 4 TM domains
seems to be necessary for a functional clarin tetraspan pro-
tein. This is supported by our data in Clrn27/62%4/62% mjce
where transcripts lacking exon 2 do exist, but if translated
would result in a predicted protein lacking the two central
transmembrane domains. The severe hearing loss observed in
these Clpn24€629%4¢1629 mice clearly indicate that such partial
clarin protein is insufficient to ensure normal hearing.

Repeated attempts to detect endogenous clarin 2 in the
inner ear, under various conditions of fixation and antigen-
retrieval at different postnatal stages were unsuccessful.
We therefore used in situ hybridization in zebrafish and in
silico analyses in mouse to confirm predominant expression
of Clrn2 in the sensory hair cells. To examine further the
key role of clarin 2 in the inner ear, we generated zebrafish
and mice lacking a functional protein. ABR measurements
in Clpn27€/294el629 mice revealed an early-onset hearing
loss with elevated hearing thresholds compared with their
Clrn2** littermate controls (mean click threshold 87 dB
SPL+7 s.d. and 24 dB SPL +6 s.d., respectively). These
data are consistent with early-onset hearing loss observed in
another loss-of-function Clrn2 mutant (Clrn2°"™"), which
harbors an early truncating nonsense variant (p.Trp4*)
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(Dunbar et al. 2019). However, comparison with the previ-
ously reported Clrn2“"¢! P21 ABR data suggests that the
extent of hearing loss in age-matched Clrn2%"%? mice is
more severe and less variable, which is most evident in the
click ABR measures (80+ 15 dB SPL and 87+7 dB SPL,
respectively). This difference could be due to strain effect,
with the CIrn2<""" mice being on a C57BL/6J background
and the Clrn29°'* mice being on, the related but distinct,
C57BL/6N (Simon et al. 2013). Interestingly, startle response
measurements in clrn2 zebrafish crispants also reveal sig-
nificant reduction in sound-induced responses. This, together
with the severe-to-profound hearing loss already exhibited
at P21 and the reduced DPOAESs in both Clyp24/029/c1629
and in Clpp2¢lrimeselarine mice (Dunbar et al. 2019) points
to gene defects likely affecting both inner hair cells (IHCs)
and OHCs. This is further supported by scanning electron
microscopy data showing loss of shortest row stereocilia in
both the cochlear IHCs and OHCs. Phalloidin staining of
clrn2 crispants also confirms hair bundle abnormalities in
zebrafish. The loss of the mechanotransducing stereoclia,
here the short stereocilia row in Clrn2%¢/6294!629 4nd in
Clyp2etarie/larinet mice js similar to that observed in hair cells
defective for components of the mechanoelectrical transduc-
tion machinery. Electrophysiological recordings in OHCs of
clarinet mice did indeed show that lack of clarin 2 causes sig-
nificant reduction in hair cell mechanoelectrical transduction
activity (Dunbar et al. 2019). However, whether the loss of
short row stereocilia is a downstream consequence of defec-
tive MET activity or due to yet unknown structural changes
in the stereocilia remains to be established.

In conclusion, we demonstrate the ¢.494C > A variant
affects exon 3 splicing efficiency. We showed, for the first
time, that CLRNZ is a deafness-causing gene in humans. A
variant causes hearing loss in humans, replicated by animal
studies. Additional reports of families segregating CLRN2
biallelic variants will be crucial to refine and dissect the
clinical course and characteristics of hearing loss due to this
gene. Together, our studies in zebrafish and mice establish
that hearing loss is probably due to defective protein in the
hair cells, where the presence of clarin 2 is essential for
normal organization and maintenance of the mechanosensi-
tive hair bundles.
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First isolated as a RanGTP-binding protein, importin 8 en-
coded by IPO8 (MIM: 605600) was then identified as a
member of the B-karyopherin family, the largest group of
nuclear transport receptors. > Accordingly, in vitro studies
have implicated importin 8 in cytoplasm-to-nucleus shut-
tling of a broad spectrum of cargos, including the signal
recognition  particle  protein  SRP19,”  Argonau-
te-microRNAs complexes, * the c-Jun protein,” the NF-kB
p65 subunit,” the eukaryotic translation initiation factor
elF4E,” and a set of receptor-activated mothers against de-
capentaplegic homolog (SMAD) transcription factors’ that
play a critical role downstream of the large family of tumor
growth factor p (TGF-f) and bone morphogenetic protein
(BMP) cytokines. In contrast, in vive data on IPO8
functions are lacking except for a report in Drosophila
showing that Msk, the ortholog of mammalian importins
7 and 8 (which share 60% homology), mediates nuclear
accumulation of phosphorylated MAD downstream of de-
capentaplegic, the homolog of mammalian BMP.'" Msk
inactivation was embryonically lethal, suggesting its key
role in Drosophila development, but no link was clearly es-
tablished with impairment of BMP signaling."”

Strikingly, the TGF-B/BMP cytokine family exerts pleio-
tropic functions during embryonic development, tissue
homeostasis, and tissue repair as well as within the im-
mune system.'' Accordingly, dysregulation of TGF-p
signaling is the cause of severe congenital disorders charac-
terized by developmental defects with or without impaired
immune regulation.'” This is notably the case of Loeys-Di-
etz syndrome (LDS), which is caused by heterozygous loss-
of-function (LOF) variants in TGFBRI (MIM: 190181),
TGFBR2 (MIM: 190182), TGFB2 (MIM: 190220) or TGFB3
(MIM: 190230), and SMAD2 (MIM: 601366) or SMAD3
(MIM:  603109);"* of Shprintzen-Goldberg syndrome
(SGS), which results from heterozygous variants in SKI
(MIM: 182212), a negative regulator of the TGF-p signaling
pathway;'’ and of Marfan syndrome (MFS) (MIM: 154700)
caused by variants in FBN1 (MIM: 134797), encoding fibril-
lin-1, the main component of extracellular matrix microfi-
brils that, in turn, scaffolds latent TGF-f. Thus, individuals
with LDS, SGS, and MFS display systemic connective tissue
disorders of variable expressivity, which notably affect the
vascular tree and the skeleton, causing life-threatening
arterial aneurysms, dysmorphic features, pectus deformity,
scoliosis, and joint hyperlaxity.'”'"" In keeping with the
immunoregulatory functions of TGF-g,'>'7 develop-
mental defects of LDS have been associated with increased
frequency of allergic manifestations'® and a 10-fold in-
crease in the risk of inflammatory bowel diseases
(IBDs)."” More recently, bi-allelic LOF variants in TGFBI
(MIM: 190180) were identified as the cause of a severe syn-
drome combining very early-onset IBD and encephalopa-
thy 20

Here, we report 12 individuals with bi-allelic pathogenic
IPO8 variants who displayed a complex syndrome reminis-
cent of LDS and SGS that variably combined cardiovascu-
lar, neurologic, skeletal and immunologic abnormalities

along with dysmorphic features; the individuals are from
nine unrelated families (Table 1, Figures 1 and 51). Affected
individuals were recruited through an international collab-
orative effort facilitated by Genematcher.?! All procedures
were performed in accordance with the Helsinki Declara-
tion and were approved by the ethics committees and
the institutional review boards from each center.
Sequencing (targeted/whole-exome sequencing and
Sanger sequencing) was performed after obtaining
informed written consent from all affected individuals or
their legal guardians. Table 1 summarizes the main pheno-
typic features in the cohort. Seven individuals showed
early-onset (before the age of 1 year for the youngest) dila-
tation of the ascending aorta. Individuals 1 and 2 (I-1 and
1-2), the two oldest siblings (59 and 53 years old at the time
of the first assessment, respectively) had diffuse arterial
frailty with multiple aneurysms affecting the abdominal
aorta, iliac, coronary, and renal arteries and, in I-1, the
thoracic aorta (Figure 1A). Arterial tortuosity similar to
that observed in LDS*” was noted in four individuals.
Recurrent spontaneous pneumothorax was noted in I-1
and I-2. Pulmonary emphysema was present in -1
(Figure 1B) as well as in two younger individuals (I-5 and
1-6). Facial dysmorphism was observed in ten individuals
(Figure 1C, Table 1), while 11 had joint hyperlaxity compli-
cated by multiple joint dislocations. All displayed skeletal
features, including scoliosis (n = 9), pectus excavatum or
carinatum (n = 6), arachnodactyly (n = 6), or pes planus
or talipes equinovarus (n = 6) (Figures 1D-1F and S1). Eight
individuals developed myopia complicated by retinal
detachment for two of them and by early-onset cataract
for two others, but none of them had lens dislocation. In
line with a generalized connective tissue disorder, skin hy-
perextensibility and/or hernia were observed in 11 individ-
uals (Figure 1G). Delayed motor milestone presumably
consecutive to joint instability was observed in seven indi-
viduals; four of them also had mild (I-5, I-6, and I-8) or se-
vere (I-7) intellectual disability. Predisposition to allergic or
inflammatory diseases, which was previously documented
in LDS,"®"? was evidenced in six individuals (I-5, I-6, I-7, I-
8, I-10, and I-12), some of whom also displayed immuno-
logical parameters consistent with impaired TGFE-f
signaling, including hyperlgE, hyperlgG, hypolgA, and
hypereosinophilia.

As detailed in Table 2, 11 variants were identified in the
12 individuals: seven as homozygous and four as com-
pound heterozygous in IPO8 (GenBank: NM_006390.3).
This gene (25 exons, 24 introns) encodes a 1,037 amino
acid protein with the p-importin N-terminal domain (22-
102 aa) and a CSE1-like domain (202-441 aa) containing
a RanGTPase-binding motif characteristic of B-importins
(Figures 2A and 2B). Segregation of the variant within
each family was analyzed by Sanger sequencing
(Figure 52) whenever DNA was available (n = 8). They
were all exceedingly rare (MAF < 0.01%), and only
three were found in the gnomAD at a heterozygous state
(Table 2).
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Table 1.  Clinical of dual: ying IPO8
Family 1 Family 2 Family 3 Family 4 Family 5 Family 6  Family 7 Family 8 Family ¢ Total
Individual I-1 12 -3 14 1.5 -6 -7 -8 1 I-10 111 I-12 -
Sex M F M M F M M M F F M F -
Age at last 62 years 62 years 1 year 8 months 2years  16years  15years 9years 13 years 22 years 33 years 7 years 26 years -
examination 2 months 6 months 6 months
Vascular abnormalities
Dilatation of the  yes yes yes no yes yes yes ves yes yes yes yes 11/
ascending aorta 12
Other abnormal ~ dilated and  calcified no no carotid carotid no no carotid no na internal 612
great vessels calcified iliac  coronary artery artery artery carotid
arteries, AAA  arteries, AAA, tortuosity  tortuosity tortuosity tortuosity
dilated iliac and ectasia
arteries
Heart MvP no ASD, left atrium and  no ASD, VSD  no NfA NfA ASD ASD, VSD MVP no 6/10
malformation ventricle mild
dilatation

Ocular abnormalities
Myopia severe severe no no severe no no severe severe mild severe severe 8/12
Retinal yes yes no no na no no no no no no no 2/12
detachment
Dysmorphic features
Proptosis no no yes no no yes yes no yes yes yes yes 7nz
Micrognathia no no yes ves yes yes yes no yes no no yes 7/12
Hypertelorism no no yes yes yes yes yes no no no ves no 6/12
Frontal bossing  no no yes no yes yes no no no no no no 312
Ptosis na no yes no no no yes no no no yes no 3/12
Abnormal palate no no cleft uvula no no no no ne no no cleft uvula no 2/12
Skeletal abnormalities

perlaxity yes yes yes yes yes ves yes yes yes yes no yes 11/

12

Recurrent joint  yes yes yes no no no yes no yes yes no yes 712
dislocations
Pectus no no carinatum carinatum excavatum excavatum no no excavatum no carinatum no 6/12
Scoliosis ves yes no no yes ves yes yes yes yes ves no 9/12
Arachnodactyly  no no yes yes yes yes no no yes no yes no 6/12
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Table 1. Continued

Family 1 Family 2 Family 3 Family 4 Family 5 Family 6  Family 7 Family 8 Family 9 Total
Feet malposition no no yes yes no no no yes ves yes yes no 6/12
Connective tissue abnormalities
Skin no no yes ves yes yes no yes no yes yes yes 8/12
hyperextensibility
Hernia umbilical spigelian and inguinal, umbilical, umbilical umbilical —umbilical umbilical umbilical hernia no umbilical ~ umbilical umbilical and 11/
hernia umbilical hernia diaphragmatic hernia hernia and and and and ernia abdominal 12
inguinal  inguinal  inguinal abdominal hernia
hernia hernia hernia hernia
Developmental  no no yes yes yes yes yes yes no no yes no 7/12
delay/intellectual
disability
ical
HyperlgE N/A N/A NfA N/A yes yes N/A ves N/A N/A N/A N/A 3/3
HyperlgG N/A N/A N/A N/A yes yes NfA yes N/A N/A N/A N/A 3/3
HypolgA N/A N/A N/A N/A yes yes N/A ves N/A N/A no N/A 3/4
Hypereosinophilia mild N/A N/A N/A yes yes NA yes N/A N/A no N/A 4/5
Intestinal no no no no severe celiac no dysimmune no no chronic celiac disease 5/12
inflammation colitis it gastroenterocolitis gastritis and
gastritis duodenitis
Allergic symptoms no no no na asthma, asthma, asthma eczema, na asthma no drug allergies 6/12
cczema eczema rhinoconjunctivitis
Urogenital/kidney large cortical ischemic ureterohydronephrosis no pyelo- no NfA ureterohydronephrosis no no hydronephrosis no 6/11
anomalies cyst nephropathy ureteral

duplication

AAA, ascending aortic aneurysm; ASD, atrial septal defect; MVP, mitral valve prolapse; VSD, ventricular septal defect; N/A, not available. Severe myopia was defined as of —6.00 diopters or greater.
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Clinical features of affected individuals

Figure 1.

{A) CT scan showing dilated aortic root and thoracic aorta (TA), calcified asymmetric large femoral arteries (FA), calcified and dilated
abdominal aorta (AA), and large renal cyst (white star) in individual 1.

(B) CT scan showing emphysema of the apex of the left lung in individual 1.

(C) Proptosis, micrognathia, and hypertelorism in individuals 3, 4, and 10.

(D) X-ray showing scoliosis in individuals 1 and 7.
(E)y Arachnodactyly in individuals 3 and 7.
(F) Hyperlaxity of small and large joints in individuals 10 and 7.

(G) Pes planus and talipes equinovarus in individuals 10 and 3, respectively.
(H) Skin hyperextensibility in individuals 4, 7, and 10 and umbilical hernia in individual 5.

Out of the seven homozygous variants, four were likely
LOF variants (three nonsense, c.2407C>T [p.Arg803*],
¢.82C>T [p.GIn28*], and ¢.2129C>G [p.Ser710*], and one
frameshift ¢.728delC [p.Pro243Leufs*27]), one was a
splicing variant (¢.2695+3_2695+7delAAAGT), and two
were missense (€.262G>A [p.Asp88Asn]| and ¢.2500C=T
[p.Arg834Trp]). The compound heterozygous variants
were frameshift variants leading to a premature stop codon
(c.2279delT [p.Leu760ProfsTer10] and c.1538delC [p.Pro
513Leufs*13]) in frans with a splicing (¢.2900-1G>A) and
a missense variant (c.2245T>C [p.Cys749Arg]), respec-
tively. Both, ¢.2695+3_2695+7delAAAGT and c.2900-1
G>A variants were predicted to impact the splicing
according to SpliceAL>" Although the lack of available bio-
specimens or DNA from [-10 (family 7) prevented assess-

ment of the splicing variant C.2900-1 G>A, analysis of
the ¢.26954-3_2695+7delAAAGT variant by minigene assay
demonstrated that it resulted in exon 22 skipping and acti-
vation of a cryptic splicing site (Figure S3). The IPOS
missense variants, namely p.Asp88Asn, p.Cys749Arg, and
p.Arg834Trp, affected highly conserved residues among
1PO8 orthologs and were predicted to be damaging by
several in silico tools, including CADD score (Figure 2B).
The impact of variants on protein level was evaluated by
immunoblot analysis of protein lysates from primary cells,
either fibroblasts or Epstein-Barr virus-immortalized B cell
lines (EBV-B cells). A striking reduction of IPOS level was
observed in the four individuals who could be tested,
including 1-2 and 1-9, who carried homozygous missense
variants (Figure 2C). The overlap of clinical features
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Table 2. Characteristics of /PO8 variants identified by next-generation sequencing in affected individuals

Chromosome position cDNA change (GenBank: Amino acid Mutation Allele frequency
Individual (Hg19-GRCh37) chr12 NM_006390.3) change SIFT PolyPhen ~ DANN CADD Taster gnomAD
1-2 £.30837296C=T c.262G>=A p.Asp88Asn  damaging probably  0.9989 25.3 disease  not observed
damaging causing
3-4 £.30792531G=A c.2407C=T p.Arg803* N/A N/A 0.9979 36 disease  3.98E—6, no
causing  homozygotes
5-6 £.30848500G=A c.82C>T p.GIn28* N/A N/A 0.9984 39 disease  not observed
causing
7 £-30789909_30789913del ¢.269543_26954+7del AAAGT N/A N/A N/A N/A 228 disease not observed
causing
8 £.30816479del €.1538delC p-Pros13Leufs* N/A N/A N/A 33 disease  not observed
13 causing
£.30802094A>G €.2245T>C p.Cys749Arg  damaging probably  0.9978 28.4 disease not observed
damaging causing
9 £30790111G=A €.2500C=T p.Arg834Trp  damaging probably — 0.9993 32 disease  4.03E-6, no
damaging causing homozygotes
10 2.30784946C=T €.2900-1G=A N/A N/A N/A 0.9935 34 disease  not observed
causing
£-30792659del €.2279delT p-Leu760Profs* N/A NfA N/A 33 disease  1.06E-5, no
10 causing homozygotes
11 £. 30829433del c.728del p-Pro243Leufs® N/A N/A N/A 33 disease  not observed
27 causing
12 £.30805169G>C c.2129C=G p.Ser710* N/A N/A 0.9962 38 disecase not observed
causing

between all the affected individuals and the rarity or
absence of the identified IPOS8 variants in population data-
bases, including LOF variants and three missense variants
impairing protein level and/or with predicted damaging ef-
fect on protein function, strongly supported IPOS8 defi-
ciency as disease causing in all the 12 individuals.

We next assessed how ipo§ disruption might affect
development by using a zebrafish model and focused
attention on early dorso-ventral patterning defects that
are a telltale sign of altered TGF-B/BMP signaling, as well
as on skeletal and cardiovascular defects that were the
main clinical hallmarks in the cohort. The zebrafish
genome encodes one single ipo8 ortholog with 72% iden-
tity and 85% similarity with human IPOS8. IPO8 mutants
were generated via CRISPR/Cas9 genome editing and two
RNA guides simultaneously. The selected fish line carried
both one insertion and two deletions (indels) in exon 4
that overall resulted in alternative translation from amino
acid 125 and introduction of an early stop codon after
amino acid 136 (Figure 3A). Zygotic mutants derived
from the incross of two heterozygous parents (ipe89¥/*
or simply ipo8™~) did not develop any obvious pheno-
type and could be grown to adulthood, a result in keeping
with the fact that maternal factors stored as mRNAs and
proteins in the egg can compensate for zygotic loss of
function during embryonic stages of zebrafish.”**" In or-
der to obtain maternal-zygotic mutants (MZ ipo8~'~, here
referred to simply as ipo§ /7) that lacked wild-type (WT)
ipo8 provided in the egg by the mother, we incrossed ho-
mozygous ipo8 zygotic mutant adults. Their homozygous

WT siblings were incrossed as controls. At 10 h post fertil-
ization (hpf) (bud stage), ipo8 '~ MZ embryos appeared
ovoid rather than round (Figure 3B). Moreover, during
the following early somite stages, their tail bud failed to
extend around the yolk but extended off prematurely,
generating elongated, pear-shaped embryos (86% of 36
embryos from 3 clutches). These early morphological
changes correlated with increased death rate that varied
between 20% to 100% of the embryos per clutch. As
development proceeded, a range of tail elongation defects
became apparent, from embryos displaying an entirely
normal or only partially absent ventral tail fin to embryos
with a strongly twisted body axis resembling a snail shell-
like trunk (Figure 3C). In addition, at 3 days post fertiliza-
tion (dpf), most embryos (81% of 83 larvae from 6
clutches) developed heart edemas (as highlighted by ar-
rows in Figure 3C). Morphological changes were strongly
pronounced in the tail region, while anterior parts ap-
peared comparatively normal with well-developed eyes
and visible midbrain-hindbrain boundaries. These fea-
tures are typical of dorsalized zebrafish mutants that result
from mutations affecting the specification of ventral
regions.”” To quantify the dorsalization phenotypic
spectrum of the ipo8 '~ mutants, we evaluated each
analyzed clutch at 24 hpf and divided the phenotypes
into five severity classes as previously described.”® A
normal phenotype was observed in 96.5% of WT embryos
but only 4.5% of ipo§ '~ embryos, which displayed a
whole spectrum of dorsalization phenotypes (Figures 3D
and 3E).
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fied variants

(A) Pedigrees of families 1-9.

(B) Schematic representation of IPO8 gene
(25 exons, 24 introns) and importin 8§ pro-
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development (Figure S4D). Shorter
trabeculae of the neurocranium were
observed in mutant embryos by 2
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To dissect these morphological defects at the molecular
level, we performed whole-mount in situ hybridization
analysis to reveal mRNA expression of early patterning
genes in embryos (Figure 54). Nil showed a shorter and
broader expression pattern indicating defects in axial
mesoderm elongation (Figure S4A). Gatal showed reduced
expression limited to the posterior side, indicating ventral
mesoderm specification defects (Figure 54B). In addition,
the paraxial mesoderm marker myoD showed a shorter
and broader pattern, underlying defects in convergent-
extension gastrulation movements (Figure 54C). Overall,
these defects in ipo8 mutants appeared comparable to
those reported in zebrafish dorsalized mutants, which
affect members of BMP and TGF- signaling (e.g., bmp2,
bmp?7, alk8, and smad5).>"** To investigate skeletal defects
in the ipo8 '~ zebrafish model, we analyzed expression of

bryos in 5 independent clutches

showed abnormal arterio-venous con-
nections in the dorsal midline junction and poorly differ-
entiated central arteries that appeared irregular, thin, and
poorly lumenized (Figure 4B). By 3 dpf, various severe car-
diovascular defects were observed in mutant embryos,
including heart edema and, in the subset of embryos
with mild tail morphological defects (normal or C1 class
in Figure 3D), various blood vessel patterning abnormal-
ities that resulted in the absence of blood circulation or
abnormal blood flow in the tail region (e.g., looping or
clogging, Figure 4C).

Putative defects in TGF-B/BMP signaling in the ipo8 '~
mutants were next investigated with an antibody specific
for pSmad1/5/9. This antibody revealed the expected
ventral to dorsal gradient of pSmad1/5/9 detected in WT
gastrulating embryos with nuclear localization in the
ventral part. In ipo8 '~ embryos, nuclear localization of
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Figure 3. Zebrafish ipo8 mutants show a range of dorsalization phenotypes

(A) Schematics of CRISPR/Cas9-mediated gene disruption at the ipo8 genomic locus. The sgRNAs (sg5 and sg6, blue arrows) targeted exon
4. Compared to the wild-type (WT) sequence, the mutated allele from the founder fish (mut) displayed two deletions of 18 and 22 bases
and an insertion of 34 bp generating a frameshift from amino acid 124 and a premature STOP codon after 136 amino acids.

(B) Bright field pictures of bud (10 hpf) and early somite stages (12 hpf) embryos showing the elongating shape of the ipo8 ~ embryos
compared to WT controls. Scale bar represents 500 pm.

(C) Bright field pictures of 3 dpf larvae presenting the variable penetrance of the ipo8 ™~ phenotype (mild and strong) compared to WT
controls. The tail fin is circled with dashed lines when visible. Gaps are highlighted by arrowheads. Arrows point at heart edema. Scale
bar represents 200 pm.

(D) Nomarski pictures depicting the different classes of the dorsalization phenotype at 24 hpf as described in Mullins et al.” (from severe

C5 to mild C1) in the ipo8~ mutants compared to the normal phenof

of a WT embryo. Scale bar represents 200 um.

(E) Quantification of the distribution of the dorsalization classes in ipo8~~ mutants (5 clutches, n = 903) compared to WTclutches (4 WT

clutches, n = 503). Average values in ipo8~~

mutants were 7.3% C5, 34.6% C4, 28.0% C3, 16.0% C2, 9.6% C1, and 4.5% normal, and

average values in WT controls were 0% C5, 0.8% C4, 1.6% C3, 1.1% C2, 0% C1, and 96.5% normal.

pSmad was significantly reduced (Figures 5A and 5B). In
contrast and in keeping with a defect in pSMAD transloca-
tion in ipo8~'~ embryos, the pSMAD signal was detected in
the cytoplasm and at membranes, as shown by its colocal-
ization with phalloidin at cell outlines.

To further demonstrate the role of ipo8 in TGF-B/BMP
signaling during development, we compared the transcrip-
tomes of WT and ipo§ '~ embryos at two different time
points during early embryogenesis (13 and 24 hpi)
(Figure 5C). We chose these early developmental stages to

avoid secondary effects deriving from abnormalities devel-
oping later on. Ipo8 itself, as expected, was significantly
downregulated in ipo8 /" fish (Figure SSA). Principal-
component analysis (PCA) showed close clustering of
biological replicates and a clear segregation of the ipo8 /"
samples from WT samples both at 13 and 24 hpf
(Figure S5B). Genes differentially regulated between the
ipo8~'~ and WT embryos (adjusted p value < 0.01) were
analyzed by pathway enrichment analysis (Figure 5C).
Strikingly, genes differentially regulated upon ipo8
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Ipo8 deficiency causes cardiovascular defects in zebrafish

(A) Defects in heart chamber formation exemplified by two maximal projections of confocal Z stacks of the hearts of WT and ipo8—~ 48
hpf embryos carrying the kdrl:mCherry transgene to label endothelial cells. For each line, the third panel shows the overlays of the out-
lines of the 7 (WT) and 11 (ipe8 ) analyzed hearts. a, atrium; v, ventricle. Scale bar represents 30 pm.

(B) Maximal projections of depth color-coded confocal Z stacks of the head vessels of WT and ipo§8 "~ embryos at 48 hpf, and quanti-
fications of the percentage of fish showing dorsal midline junction (DM]) defects and central arteries (CA) differentiation defects.
Twenty-three WT and 30 ipo8 ~ embryos from 3 and 5 clutches, respectively, were analyzed. Median and IQR are shown. p values
were calculated by Mann Whitney test (*p < 0.05). +, abnormal DM]; arrowheads, abnormal CA. Scale bar represents 100 pm.

(C) Maximal projections of time-lapses of Nomarsky imaging of the tails of 3 dpf }arVde highlighting absence of blood circulation (no
flow) or defects in blood vessel patterning (abnormal path and clogging) in ipo8 ™~ mutants. Arrows indicate flow direction. Scale bar

represents 200 pm.

depletion encoded multiple components of the TGE-p/BMP
pathway as well as genes involved in angiotensin/angiogen-
esis pathways. Notably, expression of smad?7, one of the
direct transcriptional targets of the TGF-B/BMP pathway,
was strongly decreased in ipo8~'~ embryos compared to
WT at both 13 and 24 hpf, compatible with lack of translo-
cation to the nucleus and, as a consequence, impaired
downstream activation of SMAD-dependent transcription.

Overall, our zebrafish model demonstrates that importin
8 plays a critical role during the early stage of development
by controlling pSmad nuclear translocation and down-
stream TGF-B/BMP-dependent transcription. Because
homozygous ipo8 '~ embryos born from heterozygous
parents were normal, and because the abnormal pheno-
type was observed only in MZ mutant embryos, it is likely

that Ipo8 is not essential after the initial embryogenesis oc-
curs. This may be due to genetic compensation®” or simply
to Ipo8 function’s being redundant with that of a paralog.
We cannot, however, exclude subtler cellular/organ phe-
notypes that may occur later in development or in adult
animals and have not been characterized in this study.
Importantly, data in the zebrafish model support a causa-
tive role of IPO8 deficiency in the vascular and skeleton de-
fects observed in all affected individuals. While our results
indicate a role for Ipo8 via the nuclear translocation of
phosphorylated SMAD proteins, future investigation re-
mains necessary to define whether and how the role of
IPOS in the translocation of other putative cargoes’
(see above) may participate in the phenotypic features of
IPOS8 deficiency.
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In summary, we have identified IPO8 deficiency as the
cause of a previously uncharacterized syndrome that is in-
herited in an autosomal-recessive pattern. This syndrome
is characterized by deregulation of TGF-p signaling
pathway and overlaps clinically with other TGF-p signalo-
pathies: MFS, LDS, and SGS as depicted in Figure 56 and Ta-
ble S1. Common features observed in IPO8 individuals and
shared with LDS, MFS, and SGS include cardiovascular
anomalies with notably strong predisposition for
ascending aorta aneurysm and facial and skeletal anoma-
lies (Table S1). Other less recurrent manifestations
displayed by IPO8-deficient individuals were immune dys-
regulation and allergic diseases, which have also been
reported in a subset of LDS-affected individuals,” and
developmental delay that was observed in SGS.'"* The
accompanying article by Van Gucht et al.’! in this issue
of The American Journal of Human Genetics reports largely
overlapping developmental abnormalities in seven addi-
tional IPO8-deficient individuals.”' Their data showing
that the loss of ipo8 causes severe early-onset thoracic
aortic aneurysm in a mouse model supports the causative
role of the gene defect in the most severe manifestation
of the disease and complements our demonstration that
IPO8 plays a crucial role in TGF-f-dependent organogen-
esis and in cardio-vascular development in the zebrafish

Figure 5. pSMAD nuclear translocation
defects in ipo8~~ embryos highlight
impaired TGF-B/BMP signaling

(A) Maximal projections of confocal Z
stacks of WT and ipo8 /" embryos labeled
for pSmad1/5/9 (green) and DAPI (blue)
showing well-defined ventral to dorsal
gradient of pSmad5 in WT gastrulating ze-
brafish embryos (left panel) but not in the
ipo8 " embryos (right panel). Scale bar
represents 100 pm.

(B) Confocal images of the ventral sides of
WT and ipo8 © embryos labeled for
pSmad1/5/9 (green), phalloidin (red), and
DAPL (blue). Arrowheads highlight the
membrane localization of the pSmad stain-
ing in the ipo§ “~ mutants. Scale bar repre-
sents 20 pm. Dot plots representative of
three experiments show quantifications
of the ratio of pSmadl/5/9 cytoplasmic
signal over nuclear signal; 5 WT and 6
ipo8" embryos were analyzed. Median
and IQR are shown. p values were calcu-
lated by Mann Whitney test (**p < 0.01).

(C) Heatmaps of differentially expressed
genes between WT and ipo§ © embryos
at 13 and 24 hpf. Three to four biological
replicates are shown per group. The top en-
riched gene ontology term for biological
process is highlighted for each cluster.
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model. Overall, the identification of IPO8 deficiency as
cause of TGF-B signalopathy stresses the essential func-
tions of this pathway in development, patterning, and ho-
meostasis of the affected tissues.

Data and code availability

The IPO§ variants were submitted to ClinVar (https://www.ncbi.nlm.
nih.gov/clinvar/) (GenBank: NM_006390.3; accession numbers
SCV001571677, SCVO01571678, SCV001571679, SCV001571680,
SCV001571681, SCV001571682, SCV001571683, SCV001571684,
SCV001571685, SCV001571686, and SCV001571687). The WES da-
tasets supporting this study have not been deposited in a public re-
pository because of ethical restriction but are available from the cor-
responding author on request.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2021.04.020.
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Abstract

Usher syndrome, the most prevalent cause of combined hereditary vision and hearing impairment, is clinically and genetically
heterogeneous. Moreover, several conditions with phenotypes overlapping Usher syndrome have been described. This makes
the molecular diagnosis of hereditary deaf-blindness challenging. Here, we performed exome sequencing and analysis on
7 Mexican and 52 Iranian probands with combined retinal degeneration and hearing impairment (without intellectual dis-
ability). Clinical assessment involved ophthalmological examination and hearing loss questionnaire. Usher syndrome, most
frequently due to biallelic variants in MYO7A (USH1B in 16 probands), USH2A (17 probands), and ADGRVI (USH2C in 7
probands), was diagnosed in 44 of 59 (75%) unrelated probands. Almost half of the identified variants were novel. Nine of
59 (15%) probands displayed other genetic entities with dual sensory impairment, including Alstrom syndrome (3 patients),
cone-rod dystrophy and hearing loss 1 (2 probands), and Heimler syndrome (1 patient). Unexpected findings included one
proband each with Scheie syndrome, coenzyme Q10 deficiency, and pseudoxanthoma elasticum. In four probands, including
three Usher cases, dual sensory impairment was either modified/aggravated or caused by variants in distinct genes associated
with retinal degeneration and/or hearing loss. The overall diagnostic yield of whole exome analysis in our deaf-blind cohort
was 92%. Two (3%) probands were partially solved and only 3 (5%) remained without any molecular diagnosis. In many
cases, the molecular diagnosis is important to guide genetic counseling, to support prognostic outcomes and decisions with
currently available and evolving treatment modalities.

Introduction

Neuro-sensory deficits are among the most prevalent con-
genital disorders in humans. Impaired hearing and/or vision
can negatively affect a person’s communication abilities,
cognitive functions, and social competencies. Both senses
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waork together and to some exient, one can help compensate
for loss of the other. Therefore, deaf—blindness, including
a wide range of hearing and vision levels (99% of patients
have some residual hearing and/or vision capabilities), is
more than the sum of hearing impairment (HI) and vision
impairment (VI); it seriously impacts multiple areas of
development. Children with dual sensory impairments have
specific educational needs, requiring an interdisciplinary
team of medical specialists and teachers (Dammeyer 2014).

Deaf-blindness may be acquired, e.g. by intrauterine
infections (e.g. rubella, cytomegalovirus), premature birth,
and cerebral palsy. However, in developed countries, the
vast majority of congenital cases have a genetic basis. Usher
syndrome (USH), a heterogeneous autosomal recessive dis-
order, accounts for approximately 50% of hereditary cases
of combined deafness and blindness; it has an incidence
of 1 in 6000-25,000 (Kimberling et al. 2010). In addition,
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variants in USH genes account for up to 10% of children
diagnosed with non-syndromic HI (Jouret et al. 2019). The
most severe form, USHI1, is characterized by congenital
severe to profound deafness, vestibular dysfunction, and
retinal degeneration in the first decade of life. USH1 can be
caused by variants in at least five genes (MYO7A, USHIC,
CDH23, PCDHI35, and USHIG). The most common form
is USH2, accounting for diagnoses in two-thirds of USH
patients, that is characterized by moderate to severe congeni-
tal HI and retinitis pigmentosa (RP) in the second decade
of life. USH2 results from mutations in at least three genes
(USH2A, ADGRV1, and WHRN); mutations in USH2A are
by far the most common cause accounting for 90% of USH2
cases (Bonnet et al. 2016). The mildest form, USH3, exhibits
variable, usually progressive, HI and RP later in life and has
been associated with variants in CLRN/ (Hereditary Hearing
Loss Homepage: htips://hereditaryhearingloss.org; Retinal
Information Network; https://sph.uth.edu/retnet/disease.
htm).

Here, we performed whole exome analysis (WEA) of 59
unrelated, mainly consanguineous families with at least one
proband clinically diagnosed with HI and retinal degenera-
tion. Our study highlights the enormous molecular genetic
heterogeneity of combined HI and VI and the need to ana-
lyze larger gene panels (for both diseases of the auditory
and visual system) in addition to known or suspected USH
genes.

Materials and methods
Patients

This study was approved by the ethics committees at
the Medical Faculty of Wiirzburg University, Germany
(approval number 46/15), the National Institute of Rehabili-
tation Luis Guillermo Ibarra (INR), Mexico (no. 12/13), and
the Shahid Beheshti University of Medical Sciences, Tehran,
Iran and was carried out following the ethical principles of
the declaration of Helsinki. Written informed consent was
obtained from all participating families prior to their inclu-
sion in the study.

We recruited 59 unrelated probands with combined HI
and retinal degeneration resulting in reduced vision and
nyctalopia. None of the probands reportedly suffered from
intellectual disability. Fifty-two Iranian index patients from
consanguineous families were seen by ophthalmologists in
different centers and were cataloged in the Iranian Inherited
Retinal Disease Registry (NCT04131400) (Sabbaghi et al.
2020). Seven non-consanguineous Mexican probands were
recruited by medical geneticists in the Asociacion Para Evi-
tar la Ceguera en México (APEC) and the National Institute
of Rehabilitation (INR), Mexico City.

@ Springer

Medical, drug and familial histories were recorded. Ocu-
lar examinations (Supplementary Table 1) of all Iranian
patients were performed at Labbafinejad Medical Center,
affiliated with the Shahid Beheshti University of Medical
Sciences. These included examination of the best corrected
visual acuity (VA) using Snellen charts, slit lamp biomi-
croscopy of the anterior and posterior segments (using 490
lens), Goldmann tonometry, and color vision and visual
field testing using a Humphrey Field Analyzer II, model 750
(Zeiss Humphrey Systems, Dublin, CA, USA). For patients
with VA scores under 20/200, a semi-quantitative scale was
used, including counting fingers at different distances, hand
movements and light perception. In many cases, depend-
ing on the level of vision, standard full field electroretinog-
raphy (ERG) was performed under photopic and scotopic
conditions. Ocular imaging included color fundus photog-
raphy (CFP), spectral domain optical coherence tomogra-
phy (OCT) (6 mm scans centered from the fovea, using a
Spectralis imaging platform, Heidelberg, Germany), and
fundus autofluorescence (FAF) imaging (HRA, Heidelberg,
Germany). Patients with apparent USH were classified with
mild, moderate or severe cystoid macular edema (CME),
using the grading system of Sliesoraityte et al. (2015). The
following features were considered: subretinal fluid without
clearly detectable cystic macular lesion (CML) boundaries,
central macular thickness, largest diameter of CML, calcu-
lated mean of all detectable CMLs, total number of detect-
able CML, and retinal layers affected by CML.

HI was determined by anamnesis and by questionnaire.
Audiograms were available from probands 1, 6, 8, 9, 12,
24, 25,42, 44,47, 52, 54, and 58 (Supplementary Table 1).
Severity of HI was assessed by averaging pure-tone thresh-
olds of the better hearing ear over 0.5, 1, 2, and 4 kHz.
Averaged thresholds between 41-70 dB represent moderate,
71-95 dB severe, and > 95 dB profound HL. Interpretation
of audiometry followed the recommendations of the GEN-
DEAF study group (Mazzoli et al. 2003).

Sequence analysis and variant classification

Genomic DNAs of probands and available family members
were extracted from whole blood samples using a stand-
ard salting out method and quantified using Qubit 2.0 (Life
Technologies, Carlsbad, CA, USA). Exome capture was
performed using the TruSeq Rapid Exome or Nextera DNA
Exome (Illumina, San Diego, CA, USA) enrichment accord-
ing to manufacturer’s protocols. Libraries were paired-end
sequenced (2% 76 bp) with the v2 reagent kit (Illumina) on a
NextSeq 500 (Illumina) sequencer. The generated sequences
were de-multiplexed and mapped to the human genome ref-
erence (NCBI build 37/hg19 version) with Burrows Wheeler
Aligner.
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First, a targeted analysis of the following USH-asso-
ciated genes was performed using GensearchNGS soft-
ware (PhenoSystems SA, Wallonia, Belgium): ABDHI2
(OMIM 613599, NM_001042472.2), ADGRVI (OMIM
602851, NM_032119.3), CDH23 (OMIM 605516,
NM_022124.5), CEP250 (OMIM 609689, NM_007186.5),
CLRN! (OMIM 606397, NM_001195794.1), MYO7A
(OMIM 276903, NM_000260.3), PCDHI5 (OMIM
605514, NM_001142763.1). PDZD7 (OMIM
612971, NM_001195263.1), USHIC (OMIM 605242,
NM_153676.3), USHIG (OMIM 607696, NM_173477 4),
USH2A (OMIM 608400, NM_206933.2), and WHRN
(OMIM 607928, NM_015404.3). In a second step, the
whole exome was analyzed in patients without molecular
USH diagnoses. A refuted USH1J gene, CIB2 (Riazud-
din et al. 2012; Booth et al. 2018), a questionable USHIM
gene, ESPN (Ahmed et al. 2018), a refuted USH3B gene,
HARS (Puffenberger et al. 2012; DiStefano et al. 2019),
and a recently identified USH4 gene, ARSG (Peter et al.
2021), were not included in our original screen, but rather
in exome-wide analysis.

Single nucleotide variants (SNVs) and small indels
(< 15 bp) were analyzed using GensearchNGS, MutationDis-
tiller (Hombach et al. 2019), and Moon Diploid (http://www.
diploid.com/moon). Alternative alleles present at>20%
and a minor allele frequency (MAF) <0.01 were used for
variant filtering. Population-specific allele frequencies were
assessed using gnomAD (Karczewski et al. 2020) and the
Greater Middle Eastern (GME) variome (Scott et al. 2016).
PolyPhen-2 (Adzhubei et al. 2010), MutationTaster (Ng and
Henikoff 2001), and SIFT (Schwarz et al. 2014) were used
to analyze pathogenicity of SNVs. Variants were queried
in the Deafness Variation Database (DVD) (Azaiez et al.
2018), the Human Gene Mutation Database (HGMD) (Sten-
son et al. 2014), and the Leiden Open Variation Database
(LOVD) (https://www.lovd.nl). Potential splicing effects of
variants were classified by in silico prediction tools such as
SpliceSiteFinder-like (Shapiro and Senapathy 1987), Max-
EntScan (Yeo and Burge 2004), NNSPLICE (Reese et al.
1997), Genesplicer (Pertea et al. 2001), and Human Splicing
Finder (Desmet et al. 2009). Variants were classified accord-
ing to the recommendations of the American College of
Medical Genetics and Genomics (ACMG) and the Associa-
tion for Molecular Pathology (AMP) (Richards et al. 2015),
as well as established recommendations for hereditary HI
(Oza et al. 2018). Potentially disease-causing and compound
heterozygous variants were validated by segregation analysis
in the index patients and available family members using
Sanger sequencing on an ABI 3130x1 16-capillary sequencer
(Life Technologies). Primer sequences were designed using
Primer 3 (https://primer3.org).

In probands with a single pathogenic USH2A variant
(50, 51, and 57), partially solved (45 and 53), and unsolved

cases (55, 57, and 59), multiplex ligation-dependent probe
amplification (MLPA) with the SALSA Probemix P361,
P362, and P292 (MRC Holland, Amsterdam, The Nether-
lands) was used to exclude copy number variations (CNVs)
in USH2A and PCDH 5. In addition, these probands were
screened by Sanger sequencing for deep intronic mutations
(DIMSs) in USH2A introns 27 (c.5573-843A>G), 40 (¢.7595-
2144A>G), 44 (c.8845 +628C>T), 50 (¢.9959-4159A>Q),
and 64 (c.14134-3169A>G) (Vache et al. 2012; Liquori et al.
2016; Baux et al. 2017). In some probands showing multi-
locus variation (42, 43, 44, 45, and 58), the Infinium Global
Screening Array-24 v1.0 BeadChip (lllumina, SanDiego,
CA, USA) was applied for genome-wide CNV screening.

In vitro splice assays

To evaluate the impact of the ADGRV/ ¢.9623+3A>C and
PDSS2 ¢.702 + 1G> A splice variants, PCR amplification
from patient and control genomic DNA ensued following a
modified protocol (Tompson and Young 2017). For testing
of the ADGRV variant, amplification of a region includ-
ing exon 44 (176 bp) with an additional 589 bp (5') and
340 bp (3" from the flanking intronic region was performed
using primers containing Xhol and BamHI restriction sites
(forward primer with a Xhol restriction site: 5'-aattcte-
gagTTTGCTGGTTCTTGAGCTTC-3' and reverse primer
with a BamHI restriction site: 5"-attggatcc TCATTCACT
TGGTTTGAGCAG-3'). Similarly, for testing of the PDSS2
variant, amplification of a region containing exon 4 (71 bp)
that included 390 bp (5") and 1380 bp (3') from the flank-
ing intronic regions was performed (forward primer with a
Xhol restriction site: 5"-aattctcgag TTGTAATTGCTCCCA
GAATGG-3' and reverse primer with a BamHI restriction
site: 5'-attggatcc TGACTTCAAATCCCTGAGAGC-3"). Fol-
lowing PCR amplification and clean-up, restriction enzyme
digestion of the PCR fragment and pSPL3 exon trapping
vector was performed prior to ligation between exons A
and B of the linearized pSPL3-vector. The vector was trans-
formed into DH5a competent cells (NEB 5-alpha, New Eng-
land Biolabs. Frankfurt am Main, Germany), plated, and
incubated overnight. The wild-type and mutant-containing
vector sequences were Sanger sequence confirmed. Vectors
containing mutant and wild-type sequence were transfected
into HEK 293T cells (ATCC) at a density of 2 x 10° cells
per milliliter. 1 pg of the respective pSPL3 vectors were
transiently transfected using 3 ul of FuGENE 6 Transfection
Reagent (Promega, Walldorf, Germany). An empty vector
and transfection negative reactions were included as con-
trols. The transfected cells were harvested 24 h after trans-
fection. Total RNA was prepared using miRNAeasy Mini
Kit (Qiagen, Hilden, Germany). Approximately | pg of
RNA was reverse transcribed using a High Capacity RNA-
to-cDNA Kit (Applied Biosystems, Foster City, CA, USA)
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following the manufacturer’s protocols. The cDNA was
PCR amplified using vector-specific SD6 forward (5"-TCT
GAGTCACCTGGACAACC-3') and SA2 reverse (5-ATC
TCAGTGGTATTTGTGAGC-3") primers. The amplified
fragments were visualized on a 2% agarose gel and Sanger
sequenced. ADGRV/ fragments were cloned using the TA
cloning dual promoter with pCRII kit (Invitrogen, Karlsruhe,
Germany) and subsequently Sanger sequenced.

Results

Clinical and molecular characterization
of the analyzed cohort

Staged exome diagnostics was performed on 59 unrelated
probands with co-occurring HI and VI (due to retinal dys-
trophy) and without apparent intellectual disability. Patient
age at the time of recruitment ranged from 8 to 65 years
with a mean age of 34 years. Clinical parameters are pre-
sented in Supplementary Table 1. The reported visual acuity
ranged from 20/30 Snellen equivalent to no light perception.
The most common symptom was nyctalopia accompanied
by bilateral reduced vision. The most common ophthalmo-
logical findings included waxy pallor discs, retinal atrophy,
mottling and diffuse bone spicule pigmentary changes, cata-
racts, and macular edema. With exception of proband 11,
intraocular pressure of both eyes by Goldmann tonometry
was normal. The majority (64%) of the probands presented

59 probands with

combined vision and hearing impairment

non-USH

dual sensory loss

Partially
solved

Multilocus
variation ]
USH + 1L )
multilocus |
variation

Fig.1 The left diagram shows the diagnostic yield in 59 probands
with combined vision and hearing impairment. As expected. USH
was the most common diagnosis accounting for 75% of cases. Please
note that three USH (+multi-locus variation) probands exhibited
variants in additional genes for HI and V1. Different non-USH syn-
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with prelingual HI, the rest with postlingual HI. If available,
tympanograms showed normal middle ear function.
Forty-seven of the 52 (90%) cases from consanguineous
Iranian families and all 7 cases from non-consanguineous
Mexican families were solved. The overall diagnostic yield
was 92% (54 of 59). A molecular diagnosis pointing to USH
accounted for 44 of 59 (75%) and non-USH syndromes for
9 of 59 (15%) index probands. In three of the USH cases,
additional variants in genes for non-syndromic HI (OTOG,
TECTA) or ABCA4-related VI (Stargardt disease, cone-
rod dystrophy, and RP) may modify/aggravate the pheno-
type (Fig. 1, left). In one of 39 (2%) probands, HI and VI
were caused by variants in different genes. Two additional
probands with a blended phenotype were partially solved.

Usher syndrome as the most common cause of dual
sensory loss

Forty-four patients showed biallelic variants in known
USH genes, approximately half of the variants being
novel (Table 1; Fig. 1, right). Nineteen of these 44
patients suffered from USHI, 24 from USH2, and only
one from USH3. The most frequently affected genes in
our cohort were MYO7A (USHIB) in 16 patients and
USH2A (USH2A) in 17 patients, followed by ADGRVI
(USH2C) in 7 patients. Biallelic variants in USHIC,
CDH23 (USHI1D), USHIG, and CLRN{ (USH3A) were
diagnosed in single patients each. It is noteworthy that
although the vast majority of our USH probands were from
consanguineous families, compound heterozygous variants

44 USH probands

CLRN1

ADGRVI

MYO74

e USHIC

CDH23
USHIG

dromes with co-occurring HI and VI were found in 15% of cases.
The right diagram represents the mutational spectrum in the 44 USH
probands. Mutations in USHI genes are marked in different shades of
blue and in USH2 genes in green
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Table 1 Biallelic variants and genotypes in USH genes

D Gene Variant Protein Zygosity" Classification References Phenotype

1 MYO7A  ¢.1969C=>T p-(Arg657Trp) Hom Pathogenic Cremers et al. (2007) USHIB

2 MYO7A ¢ 73G>A p-(Gly25Arg) Hom Pathogenic Watanabe et al. (2008) USHIB

3 MYO7A  ¢.5617C>T p-(Argl873Trp) Het Pathogenic Roux et al. (2006) USHIB
MYO7A  ¢.2904G>T p-(Glu968Asp) Het Pathogenic Bonnet et al. (2016)

4 MYO7A ¢.5573T>C p.(Leul858Pro) Hom Pathogenic Bademci et al. (2016) USHIB

5 MYO7A  ¢.397dup p-(His133Profs*7) Hom Pathogenic Bonnet et al. (2011) USHIB

6  MYO7A ¢2282+1G>C p.? Het Pathogenic Novel USHIB
MYO7A ¢ 721C>T p(Arg241Cys) Het Pathogenic Bharadwaj et al. (2000)

7 MYO7A  ¢.397dup p.(His133Profs*7) Het Pathogenic Bonnet et al. (2011) USHIB
MYO7A  ¢A4513G>T pA(Glul505%) Het Pathogenic Kooshavar et al. (2018)
MYO74  c487G>A p.(Gly163Arg) Hom Pathogenic Roux et al. (2006) USHIB

9 MYO7A 3564 3570delinsA  p.(Tyrl188%) Hom Pathogenic Duzkale et al. (2013) USHIB

10 MYO7A  ¢.6204dup p-(1le2069Tyrfs*7) Het Pathogenic Cremers et al. (2007) USHIB
MYO7A  ©.3564_3570delinsA  p.(Tyrl1188%) Het Pathogenic Duzkale et al. (2013)

11 MYO7A  cJ22G>A p(Arg241His) Het Likely pathogenic Bademci et al. (2016) USHIB
MYO7A  c.1388A>G p.(Glnd63Arg) Het Likely pathogenic Novel

12 MYO7A  c.75_82del p-(Ala26Glufs*13) Hom Pathogenic Novel USHIB

13 MYO7A  c5510T>C p-(Leul837Pro) Het Likely pathogenic Jiang et al. (2015) USHIB
MYO7A  c4B87G=A p(Glyl63Arg) Het Pathogenic Sloan-Heggen et al. (2016)

14 MYO7A  c.496del p.(Glul66Argfs*5) Het Pathogenic Riazuddin et al. (2008) USHI1B
MYO7A  c4117C>T pAArgl373%) Het Pathogenic Jaijo et al. (2006)

15 MYO7A c6228 6232del p.(Asp2076Glufs*50) Hom Pathogenic Novel USH1B

16 MYO7A  ¢2914C>T p(Arg972%) Hom Pathogenic Riazuddin et al. (2008) USHI1B

18  USHIC ¢2191C>T p(Arg731Trp) Het Uncertain significance Nowvel USHIC
USHIC c¢.658C>G p-(Arg220Gly) Het Uncertain significance Nowel

41 CDH23  ¢7921G>A p-(Asp2641Asn) Hom Likely pathogenic Novel USHID

17 USHIG . 742C>T p-(GIn248%) Hom Pathogenic Bonnet et al. (2016) USHIG

19 USH2A  ¢4732C>T p-(Arg1578Cys) Hom Likely pathogenic Le Quesne Stabej et al, USH2A

(2012)

20 USH2A  ¢.236_239dup p-(GIn81Tyrfs*28) Hom Pathogenic Khalaileh et al. (2018) USH2A

21 USH2A ¢ I571C>T p-(Ala524Val) Het Likely pathogenic Novel USH2A
USH2A ¢ 4628-2A>T p.? Het Pathogenic Novel

22 USH2A  c¢.11955G>C p{Trp3985Cys) Hom Likely pathogenic Novel USH2A

23 USH2A  ¢.12394del p.(Leud132Trpfs*35) Hom Pathogenic Sloan-Heggen et al. (2015) USH2A

24 USH2A  ¢.11357del p.(Pro3786Leufs*6)  Hom Pathogenic Novel USHZA

25 USH2A ¢ 13510G>T p-(Glu4504*) Het Pathogenic Gao et al. (2021) USH2A
USH2A  ¢.13018G>C p-(Gly4340Arg) Het Likely pathogenic Bonnet et al. (2016)

26 USH2A  c.12067-2A>G p.? Hom Pathogenic Auslender et al. (2008) USHZA

27 USH2A  c.2512C>T p.(GIn838%) Het Pathogenic Novel USHZA
USH2A  ¢.2299del p.(Glu767Serfs*21)  Het Pathogenic Eudy et al. (1998)

28 USH2A  ¢©.5251_5267del p.(Gly1751Leufs*2) Het Pathogenic Novel USHZA
USH2A  c8141G=A p.(Trp2714%) Het Pathogenic Baux et al. (2014)

29 USH2A  ¢5521G>A p.(Gly1841Arg) Het Likely pathogenic Novel USH2A
USHZA ¢ 7915T>C p.(Ser2639Pro) Het Likely pathogenic Bonnet et al. (2016)

30 USH2A  c.8497dup p.(Ser2833Lysfs*2)  Hom Pathogenic Novel USHZA

31 USH2A  ¢.12067-1G>C p.? Hom Pathogenic Novel USH2A

32 USH2A  c.B682-1G>A p.? Het Pathogenic Novel USH2A
USHZA  ¢.2014C>T p-(GIn672%) Het Pathogenic Pierrache et al. (2016)

42 USH2A ¢ 113894 3A>T p.? Hom Pathogenic Soens et al, (2017) USH2A
oTOG c.7454del p-(Arg2485Hisfs*77) Hom Pathogenic Downie et al. (2020) DFNB18B
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Table 1 (continued)

ID  Gene Variant Protein Zygosity" Classification References Phenotype
PRPF31 ¢.632G>A p-(Arg211Gln) Het Uncertain significance Novel RP11, dominant
ROM1 ¢.859C>T p-(Arg287Trp) Het Uncertain significance Novel RP7, digenic

43 USH2A  ¢5438C>A p-(Ser1813%) Het Pathogenic Novel USH2A
USH2A  ¢.7595-2144A>G p.? (DIM) Het Pathogenic Liquori et al. (2016)

TECTA c¢.2572G>A p-(Asp858Asn) Het Uncertain significance Novel DFNAS8/12

58 USH2A  ¢.236_239dup p.(GIn81Tyrfs*28) Hom Pathogenic Khalaileh et al. (2018) USH2A
KCNQI  ¢.733_734del p.(Gly245Argfs*39)  Het Pathogenic Amirian et al. (2018) Long QT |

33 ADGRVI ¢9623+3A>C" p.? Hom Likely pathogenic Novel USH2C

34 ADGRVI ¢.15736C>T p-(Arg5246%) Hom Pathogenic Oishi et al. (2014) USH2C

35 ADGRVI c.4231del p.(Alal411Profs*6)  Hom Pathogenic Novel USH2C

36 ADGRVI c.4231del p-(Alal411Profs*6)  Het Pathogenic Novel USH2C
ADGRVI ¢.10088_10091del p-(Val3363Aspfs*11) Het Pathogenic Ebermann et al. (2009)

38 ADGRVI ¢9512T>C p.(Leu3171Ser) Hom Uneertain significance Novel USH2C

52 ADGRVI c.2261T>C p-(Val754Ala) Het Uncertain significance Myers et al. (2018) UsH2C
ADGRVI ¢.10878A>C p-(Lys3626Asn) Het Uncertain significance Novel
ABCA4  c4919G=A p-(Argl640Gln) Hom Pathogenic Simonelli et al. (2000) Stargardt 1

56 ADGRVI ¢.5167C>G p.(Prol1723Ala) Het Uncertain significance Novel UsH2C
ADGRVI ¢.14939T>C p-(Vald980Ala) Het Uncertain significance Novel

37 CLRN!  c.630del p.(Phe210Leufs*5) Hom Pathogenic Novel USH3A
CLRNI  ¢.625T>A p.(Phe2091le) Hom Uncertain significance  Novel USH3A

“Hom =homozygous; Het=heterozygous

bTe.“.ting with an in vitro splice assay showed a mixture of amplicons, r.9495_9623del p.(Tyr3166_Arg3208del), r.9530_9623del

p.(Gly3177Glufs*3), and r.9448_9623del p.(Ala3150Serfs*11)

were found in 18 of 44 (41%) cases. Fundus examination,
FAF, and OCT of selected patients with USH showed find-
ings consistent with RP (Fig. 2). Using a grading system
for CME (Sliesoraityte et al. 2015), moderate and severe
cystic lesions were most prevalent among patients with
USHI1B and biallelic MYO7A variants (Supplementary
Table 1). Bilateral pantonal profound sensorineural HI
without vestibular dysfunction was the most common form
of HI in the USH cohort (Supplementary Table 1).
Patient 33 displayed a homozygous likely pathogenic
splice variant, ADGRVT ¢.9623 4+ 3A>C (Table 1). In vitro
splice assays showed three bands after RT-PCR (Supplemen-
tary Fig. 1). TA cloning showed 54% of transcripts using
a first cryptic splice site 129 nucleotides before the native
exon 44 splice donor site, leading to an in-frame deletion,
1.9495_9623del p.(Tyr3166_Arg3208del); 38% of transcripts
where splicing involved the second cryptic splice donor site
94 nucleotides before the exon 44 native splice site, caus-
ing a frameshift, r.9530_9623del p.(Gly3177Glufs*5), and
8% of misspliced transcripts showed skipping of exon 44,
1.9448_9623del p.(Ala3150Serfs*11), also resulting in a
frameshift. The wild-type minigene showed two main bands
comprised of an upper band containing the expected exon
44 sequence (433 bp) and a lower band showing a skipped
exon 44 (257 bp) that maps to exon | of a shorter transcript
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(ENST00000640464.1) lacking a splice acceptor site for
splicing.

No pathogenic variants in CIB2 (USHI1J), ESPN
(USHIM), HARS (USH3B), and ARSG (USH4) were found
by WEA in the remaining 15 non-USH probands. Probands
50, 51, and 57 who exhibited single variants in USH2A, were
analyzed by MLPA and Sanger sequencing to exclude CNVs
and DIMs, which are not detectable by WEA. In addition
to a novel pathogenic variant, ¢.5438C>A p.(Serl1813%),
proband 43 was endowed with a well-known DIM, ¢.7595-
2144A>G, in exon 40 (Table 1). Since her unaffected sister
displayed only the pathogenic nonsense variant but not the
DIM, this is consistent with the diagnosis USH2A in the
index patient. Moreover, proband 43 (but not her unaffected
sister) displayed a variant of uncertain significance (VUS) in
TECTA (Table 1), which is associated with autosomal domi-
nant deafness (DFNAS/12) and may contribute to her HI.

Proband 42, a 25-year-old female, with bilateral severe
prelingual HI, bilateral reduced vision and nyctalopia start-
ing at the age of 7 years, macular atrophy, diffuse retinal
atrophy and pigmentary changes displayed a homozygous
splice mutation, USH2A ¢.11389+3A>T (Table 1), which
has been associated with retinal dystrophy and USH2A. An
in vitro minigene assay has been reported, confirming trun-
cation of 48 bp due to usage of a cryptic donor splice site
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Fig.2 Retinal phenotype of selected probands with co-occurring HI
and VI due to USH entities consistent with retinitis pigmentosa. A, D,
G. J, M. P Fundus photography (FP), B, E, H, K, N, Q fundus auto-
fluorescence (FAF), and C, F, 1, L, O, R optical coherence tomogra-
phy (OCT) imaging of patients 1 (A—C) and 7 (D-F) with USHIB,
patient 18 (G-I) with USHIC, patient 41 (J-L) with USHID, patient
21 (M-0) with USH2A, and patient 37 (P-R) with USH3A. Note

|

retinal atrophy along the arcades in all patients, and bone spicules
in patient 21 on FP imaging, decreased autofluorescence along the
arcades, and increased and/or decreased autofluorescence centrally in
all patients on FAF imaging, and macular pathology on OCT imag-
ing in all patients, i.e. atrophy in patient 1, cystoid macular edema in
patients 1, 7, 41, 21, and 37, and epiretinal membrane in patient 18§
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in exon 58 (Soens et al. 2017). In addition, proband 42 was
endowed with a homozygous missense variant, c.7454del
p.(Arg2485Hisfs*77) in OTOG (Table 1), which causes
autosomal recessive deafness (DENB18B:; OMIM 614945)
(Downie et al. 2020) and may aggravate the HI phenotype.
Her father and two unaffected siblings were heterozygous for
this variant. The VI of proband 42 may be modified by the
heterozygous variant ¢.632G>A p.(Arg211Gln) in PRPF31
(Table 1), which has been associated with RP11 (OMIM
600138) in a single sporadic RP case (Rose et al. 2016).
Although the MAF of this variant is about 0.001, functional
studies have associated incomplete penetrance and variable
expressivity of RP11 with PRPF31 mRNA levels (Rivolta
et al. 2006; Rio Frio et al. 2009). Moreover, proband 42
displayed a heterozygous VUS, ¢.632G>A p.(Arg287Trp) in
ROM I (Table 1), which can cause RP7 together with muta-
tions in PRPH?2 (Kajiwara et al. 1994). In this example of
digenic RP, ROM1 is considered as a dominant modifier of
PRPH2 (Nadeau 2001).

Proband 52, a 48-year-old female with prelingual onset,
bilateral, profound, steeply sloping high-frequency HI with
type A tympanogram and bilateral reduced vision, nyctalo-
pia, and photophobia starting at 5 years of age, showed two
missense variants in ADGRVI, ¢.2261T>C p.(Val754Ala)
and ¢.10878A>C p.(Lys3626Asn) (Table 1). Since two unaf-
fected siblings were each heterozygous for either variant,
the proband must be compound heterozygous, consistent
with the diagnosis USH2C (Fig. 3B, C). The early onset
and rapidly progressing vision loss (with light perception in
the left eye and no light perception in the right eye), which
is incompatible with USH2C, may be explained by an addi-
tional homozygous variant ¢.4919G>A p.(Arg1640Gln) in
ABCA4 (Table 1), which causes Stargardt disease (Simonelli
et al. 2000). The most recent ocular examination revealed
bilateral pseudophakic status, pale discs, atrophy and pig-
mentary changes in the macula, atrophy, bone spicules and
pigment clumps in the retinal periphery (Fig. 3A). The vari-
ants segregated in a heterozygous state in two unaffected
brothers (Fig. 3B, C).

In addition to a homozygous frameshift mutation in
USH2A, ¢.236_239dup p.(GIn81Tyrfs*28), proband 58
presented with a medically actionable pathogenic variant,
¢.733_734del p.(Gly245Argfs*39) in KCNQ/I (Table 1)
(Amirian et al. 2018), which is associated with long QT
syndrome 1 (OMIM 192500) and familial atrial fibrillation
3 (OMIM 607554).

Non-USH syndromes causing combined HI
and retinal degeneration

Nine of 59 probands with combined HI and retinal degenera-

tion displayed clinical entities different from USH (Table 2).
These included well-known syndromes that should be
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considered as part of the differential diagnosis of USH as
well as unexpected inborn errors of metabolism. In many
of the identified cases, the age-dependent manifestation of
additional symptoms and the large clinical heterogeneity
rendered a clinical diagnosis difficult or even impossible,
hereby supporting the implementation of genetic testing.

It is noteworthy that three probands (47, 48, and 49) were
endowed with different homozygous variants, ¢.6299C>A
p.(Ser2100%), ¢.7471_7472del p.(Ser2491Thrfs*5), and
c.11410C>T p.(Arg3804%), respectively, in ALMS/, caus-
ing Alstrém syndrome (OMIM 203800) (Table 2). This
pleiotropic ciliopathy is associated with HI and V1, cardio-
myopathy, endocrine, neurological, and hepatic symptoms
(Rethanavelu et al. 2020). At the time of recruitment, our
three Alstrom patients presented with photophobia, visual
field constriction, posterior subcapsular cataracts, pigmen-
tary retinopathy (Fig. 4A, B), and progressive sensorineu-
ral HI without vestibular dysfunction. Proband 47 suffered
from bilateral severely reduced vision and bilateral pro-
found steeply sloping high-frequency HI. Ophthalmological
examinations revealed normal intraocular pressure, a pseu-
dophakic status of the anterior segment, chalky white pale
discs, severe macular atrophy (beaten bronze), diffuse bone
spicule pigmentary changes, and mottling. At the time of
examination, no clinical sign of cardiomyopathy was seen
in our three Alstrom probands. Retrospectively, we learnt
that proband 47 suffered from insulin-resistant diabetes and
renal failure.

Two patients, 39 and 40, suffered from another ciliopathy,
namely cone-rod dystrophy and hearing loss 1 (CRDHL1;
OMIM 617236). due to homozygous or compound heterozy-
gous variants in CEP7S, respectively (Table 2). A possible
founder mutation, ¢.515T>G p.(lle172Arg) was identified.
This variant has not been annotated in gnomAD. GME,
LOVD, and HGMD. It was homozygous in a 32-year-old
female (proband 39) who reported HI starting at the age
of 5 years and bilateral reduced vision, photophobia and
hemeralopia at 26 years. Clinical examination revealed
pale discs, mild macular atrophy, diffuse retinal atrophy,
and retinal pigment epithelium (RPE) mottling in both eyes
(Fig. 4E-H). Kinetic and/or static visual field examination
revealed a generalized depression with reduced mean devia-
tion (—3.344 dB; p <0.01) with a central 10-2 threshold,
consistent with RP. The ERG showed severe reduced ampli-
tude in scotopic, photopic, and flicker responses.

A novel homozygous missense VUS in PEX26,
¢.349C>A p.(Prol 17Thr) (Table 2) was found in a 12-year-
old female (proband 46) with bilateral reduced vision, nyc-
talopia, bilateral subcapsular cataract, diffuse retinal atrophy
with diffuse pigmentary changes in both eyes (Fig. 4C, D),
and severely reduced amplitudes in scotopic and photopic
ERG. This variant segregated in a heterozygous state in
unaffected family members who were available for testing.

146



Human Genetics (2022) 141:785-803

793

A

® [ [ [J

ABCA4 c.4919G>A
++ +/- +/-

ADGRV1 c.261T>C
+- - +-

ADGRV1 c.10878A>C
+- +-

ICCATET TACAGGC CAGCC ¢
JCCATCTTACGGGCCAGCC T

ABCA4 c.4919G>A

AAGG

g » I3 WATCT .. ¢
GAAAAC CAAGTGCTGAAATET CAACTTAAAAAT CCCAAAGOA

ADGRV1 ¢.261T>C ADGRV1 c.10878A>C

Fig.3 Possible coincidence and genetic heterogeneity underlying
combined HI and VI. A Fundus photography (FP) of proband 52
showing central retinal atrophy and pigment clumping in both eyes
consistent with ABCA4-spectrum disease. B, C Pedigree and segrega-
tion analysis of disease-causing variants in ABCA4 and ADGRVI. D
FP, fundus autofluorescence (FAF) and optical coherence tomography

Pathogenic variants in PEX26 are associated with a wide
spectrum of peroxisomal diseases, including Heimler syn-
drome, previously described in patients with concurrent HI
and VI (Neuhaus et al. 2017). When the molecular diagno-
sis was communicated to the recruiting clinic, amelogenesis
imperfecta in secondary teeth was retrospectively identified,
which is in line with Heimler syndrome.

The homozygous likely pathogenic variant ¢.956C>T
p-(Ala319Val) in IDUA in proband 50 (Table 2) has been

MYH14 c.4732A>G
+/- /-

FBN2 c.7355rA)C
4]

FBN2 c.2507fC>T
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FBN2 c.7356A>C

(OCT) imaging of proband 44 showing decreased autofluorescence
along the inferior arcade and centrally on FAF imaging (right eye)
and retinal atrophy on OCT imaging consistent with retinal dystro-
phy. E, F Pedigree and segregation analysis of variants in MYH /4 and
FBN2. (+/+ variant present in homozygous state, + variant present in
heterozygous state, =/= wild type.)

previously reported in patients with Scheie syndrome
(OMIM 607016), a mild form of mucopolysaccharidosis
type I (Beesley et al. 2001). The 65-year-old female patient
presented with diffuse RPE mottling, CME, generalized
depression in her visual field exam (Fig. 4I-L), and post-
lingual HI. There were no other evident clinical findings
indicative of Scheie syndrome.

The 29-year-old proband 51 with optic atro-
phy, retinal degeneration, and sensorineural HI was

@ Springer

147



794

Human Genetics (2022) 141:785-803

Table 2 Non-Usher syndromes underlying combined hearing loss and retinal degeneration

D Gene Variant Protein Zygosity" Classification References Phenotype
39 CEP78  c¢515T>G p.(lle172Arg) Hom Uncertain significance Novel Cone-rod dystrophy and
hearing loss 1
40 CEP78  ¢515T=G p.(lle172Arg) Het Uncertain significance Novel Cone-rod dystrophy and
hearing loss 1
CEP78  ¢.534del p.(Lys179Argts*10) Het Pathogenic Namburi et al. (2016)
46  PEX26  c349C>A p.(Pro117Thr) Hom Uncertain significance Novel Peroxisome biogenesis
disorder 1C
47 ALMSI  ¢.6299C>A p.(Ser2100%) Hom Pathogenic Novel Alstrom syndrome
48  ALMSI  ¢.7471_7472del p.(Ser2491Thrfs*5) Hom Pathogenic Novel Alstrim syndrome
49 ALMSI  ¢.11410C>T p.(Arg3804%) Hom Pathogenic Liu et al. (2017) Alstrém syndrome
50 IDUA ¢.956C>T p.(Ala319Val) Hom Likely pathogenic Beesley et al. (2001) Scheie syndrome (MPS1-
S)
USH2A  ¢3045C>G p.(His1015GIn) Het Pathogenic Pierrache et al. (2016)
ADGRVI c¢.1563del p.(Pro522Leufs*18) Het Pathogenic Novel
51 PDSS2  c702+1G>A° p.? Het Likely pathogenic Novel Coenzyme Q10 deficiency
primary 3
PDSS2  cA488G>A p.(Argl63His) Het Uncertain significance Novel
USH2A  c.1T4T=A p.(Cys58%) Het Pathogenic Novel
54 ABCCH cl171A>G p-(Arg391Gly) Hom Uncertain significance Chassaing et al. (2004) Pseudoxanthoma elasticum

“Hom = homozygous; Het = heterozygous

"Testing with an in vitro splice assay showed exon skipping, r.631_702del p.(Val211_Lys234del)

compound heterozygous for a missense variant c.488G>A
p-(Argl63His) and a splice site variant ¢.702+1G>A p.?
in PDSS2 (Table 2) that has been associated with coenzyme
Q10 deficiency (OMIM 614652). Compound heterozygosity
of the respective VUS and likely pathogenic splice variant
was confirmed by segregation analysis in unaffected family
members. In vitro splice testing of the PDSS2 ¢.702+ 1G>A
mutant allele indicated skipping of exon 4 (257 bp), leading
to an in-frame deletion, r.631_702del p.(Val211_Lys234del).
The wild-type amplicon included the correctly spliced com-
plete exon 4 sequence, showing as a 328 bp band (Supple-
mentary Fig. 1).

The homozygous variant ¢.1171A>G p.(Arg391Gly)
in ABCC6 (Table 2) has been previously associated with
pseudoxanthoma elasticum (Chassaing et al. 2004). Proband
54, a 31-year-old female, presented with progressive visual
impairment, optic disc drusen, beaten bronze macular atro-
phy, diffuse RPE mottling, choroidal neovascularization, and
postlingual sensorineural HI.

Possible multi-locus genomic variation

Proband 44, a 42-year-old female, suffered from bilateral
moderate high-frequency HI as well as late-manifesting (at
the age of 38 years) severely reduced visual acuity, pho-
tophobia, nyctalopia, severe macular atrophy, diffuse pig-
mentary changes, and mottling with notable diminished
central macular thickness (Fig. 3D). She displayed three
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novel missense variants; one, c.4732A>G p.(Lys1578Glu)
in MYHI14, and two, ¢.7355A>C p.(Glu2452Ala) and
¢.2507C>T p.(Thr836Met) in FBN2 (Table 3). Since the
unaffected brother did not exhibit FBN2 variants (Fig. 3E,
F) and other family members were not available, we do not
know whether both variants reside on the same or on differ-
ent parental alleles. Rare dominant variants in FEN2 have
been described in relationship with early onset macular
degeneration (OMIM 616118) but also age-related macular
degeneration (Ratnapriya et al. 2014). Variants in MYHI4
cause autosomal dominant HI (DFNA4A; OMIM 600652).

Proband 45, a 40 year-old male, reported reduced vision
and nyctalopia starting at 10 years of age and bilateral post-
lingual HI. He displayed macular pathology with pigmentary
changes and bone spicules in the retinal periphery. He comes
from a large consanguineous family. There are multiple
members with dual sensory impairment and one brother with
isolated HI. Both the proband and his deaf-blind young-
est sister were endowed with a missense variant ¢.659T>G
p.(Phe220Cys) in RHO (Table 3), that has been previously
reported in patients with RP4 (OMIM 13731) (Bunge et al.
1993). Since the variant was also present in the hearing-
impaired brother, reduced penetrance and/or variable expres-
sivity must be assumed and the evidence for this variant is
limited. Functional studies of RP-linked rhodopsin muta-
tions have yielded conflicting results (Mallory et al. 2018;
Lewis et al. 2020). The molecular basis of the HI in this
family remains unknown. As an incidental finding, the
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Fig.4 Retinal phenotype of selected probands with co-occurring
HI and VI due to non-USH syndromic entities. A, B Fundus pho-
tography (FP) and fundus autofluorescence (FAF) in proband 49
with Alstrom syndrome (ALSM/) showing bone spicules in the
retinal periphery (right and left eye) consistent with retinitis pig-
mentosa (RP). C, D FP and FAF of proband 46 with Heimler syn-
drome (PEX26) showing optic atrophy and pigment clumping despite
reduced image quality due to cataracts (both eyes) consistent with RP.
E-H FP, FAF, and optical coherence tomography (OCT) imaging of

proband displayed a common pathogenic variant in MEFV,
that has been associated with familial Mediterranean fever
and Behcet’s disease (Tasliyurt et al. 2013).

In proband 53, a 13-year-old girl, we identified aa
heterozygous variant, ¢.6462C>A p.(His2154GlIn), in
PRPFS8 (Table 3), which has been associated with RP13
(OMIM 600059), which is typically inherited as an auto-
somal dominant trait. In addition, she was endowed with
a homozygous variant ¢.2551 4+ 8C>T in CACN2D4
(Table 3), which has been associated with retinal cone

proband 39 with CRDHL1 (CEP78) showing decreased autofluores-
cence along the arcades on FAF imaging (right eye) and atrophy of
the outer retina outside the center on OCT imaging (both eyes) con-
sistent with RP. I-L. FP, FAF, and OCT of proband 50 with Scheie
syndrome (/DUA) showing decreased autofluorescence along the
arcades on FAF imaging (right eye) and atrophy of the outer retina
outside the center and mild cystoid macular edema on OCT imaging
(both eyes) consistent with RP

dystrophy 4 (OMIM 610478). Variants in both genes may
contribute to VI within the first year of life. A segregating
variant underlying the HI has not been identified.

Unsolved cases
In 3 of 59 probands (55, 57, and 59). we could not establish a
molecular diagnosis for HI and/or VI. Interestingly, proband

57 exhibited a single pathogenic mutation, ¢.5388T>A
p.(Cys1796%), in USH2A and proband 59 was heterozygous
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Table 3 Possibly solved, partially solved, and unsolved cases showing multi-locus variation

ID  Gene Variant Protein Zygosity® Classification References Phenotype
440 MYHI4 c4732A>G p.(Lys1578Glu) Het Uncertain significance Novel DENA4A
FBN2 c.7355A>C p-(Glu2452Ala) Het Uncertain significance Novel Macular degeneration, early
onset
FBN2 ¢.2507C>T p.(Thr836Met) Het Uncertain significance Novel
45° RHO c.659T>G p.(Phe220Cys) Het Likely Pathogenic Bunge et al (1993) Autos. dominant or recessive
RP4
MEFV ¢.2040G>C p.(Met6801le) Het Pathogenic Tasliyurt et al, (2013) Familial Mediterranean fever
53¢ PRPF8 c.6462C>A p.(His2154GIn) Het Uncertain significance Novel Autosomal dominant RP13
CACNA2D4 ¢.2551+8C>T p.? Hom Uncertain significance Novel Retinal cone dystrophy 4
57 USH2A c.5388T>A p.(Cys1796%) Het Pathogenic Novel
599 MYO7A ¢.3750+7G>A p.? Het Uncertain significance ClinVar ID 4322]
CDH23 €.3653C>T p(Argl885Cys) Het Uncertain significance ClinVar ID 522828
GoPD c. 1057C>T p.(Pro353Ser) Hemi Pathogenic Beutler et al. (1992)  Hemolytic anemia

“Hom =homozygous; Het = heterozygous; Hemi=hemizygous

PThis case is considered as solved

“These cases are considered as partially solved, with variants explaining vision impairment

UThese cases are considered as unsolved

for two VUS, ¢.3750+7G>A p.7 in MYO7A and ¢.5653C>T
p-(Argl885Cys) in CDH23 (Table 3). Proband 59, a
47-year-old male with prelingual HI and VI since birth,
was also endowed with a pathogenic variant, c.1057C>T
p-(Pro353Ser) in G6PD (Beutler et al. 1992), which is asso-
ciated with X-linked hemolytic anemia (OMIM 300908) in
hemizygous males. Hyperbilirubinemia due to G6PD defi-
ciency can induce neurological damage (kernicterus) in neo-
nates and children, which may clinically manifest as auditory
neuropathy spectrum disorder (Boskabadi et al. 2018).

Discussion

As expected, most (44 of 59; 75%) of our deaf-blind patients
were diagnosed with USH. Approximately half were USH1
and half USH2, with MYO7A (USH1B) and USH2A being
the most prevalent genes. The relatively high proportion of
ADGRVI (USH2C) (7 of 24; 29%) compared to USH2A
(17 of 24; 71%) within the USH2 group may be explained
by ethnicity of our cohort, mainly from Iran, which is an
understudied population. In addition to USH, there is a wide
variety of hereditary, non-hereditary and independent causes
of HI and/or VI, which makes a correct diagnosis for clini-
cians and human geneticists challenging (Stff et al. 2020).

Next generation sequencing (NGS) has greatly trans-
formed the molecular diagnostics of both clinically and
genetically highly heterogeneous neuro-sensory disorders,
allowing rapid screening of large gene panels or the entire
exome. Using WEA, we found genetic variants associated
with combined HI and VI in 54 of 59 (92%) probands. Two
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probands (3%) were partially solved and only three (5%)
remained without a molecular diagnosis explaining their
phenotype. This is consistent with recent NGS screens of
patients with combined HI and VI, which have yielded diag-
nostic efficiencies >90% (Bonnet et al. 2016; Neuhaus et al.
2017; Jouret et al. 2019). This unusually high solve rate for
a heterogeneous Mendelian disorder argues in favor of the
notion that most genes underlying dual sensory loss have
been identified. Our study also shows the utility of OCT for
monitoring RP patients. The presence of macular edema,
macular hole, epiretinal membrane, etc. has prognostic value
and therapeutic implications.

The vast majority of variants underlying USH in our
deaf-blind cohort were classified as pathogenic (44 of 63;
70%) or likely pathogenic (11 of 63; 18%) and most of them
were already known (36 of 63; 57%). In contrast, the major-
ity of presumably disease-causing variants in non-USH
probands were VUS (10 of 17; 59%) and/or novel (12 of
17; 71%). This is not unexpected, considering that USH is
one of the most extensively studied neuro-sensory disor-
ders and updated comprehensive information on USH genes
is available in variant data bases. Compared to USH, the
data situation of the genes identified in probands with non-
USH syndromes and multi-locus variation is relatively poor.
Therefore, segregation analyses were performed in the fami-
lies of the index probands to validate or discard variants.
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Non-Usher syndromes associated with combined
hearing loss and retinal degeneration

Although USH is by far the most prevalent cause of
deaf-blindness worldwide and also in our study, there are
other syndromes that combine retinal dystrophy and HI with
a number of additional symptoms. Five of our probands
exhibited ciliopathies due to variants in ALMS/ (Alstrom
syndrome) and CEP78 (CRDHLI1). The absence of addi-
tional clinical symptoms in our three Alstrom patients may
be explained by the variable and age-dependent expressivity
of the phenotype. Only 17 and 19% of patients with Alstrom
syndrome display intellectual disability and cardiomyopathy,
respectively (Rethanavelu et al. 2020).

Heimler syndrome is a peroxisome disorder caused by
biallelic variants in PEXI, PEX6, and PEX26. Proband 46
and several published cases with suspected USH presented
biallelic mutations in PEXI and PEX26 (Neuhaus et al.
2017; Difieiro et al. 2020). The typical tooth (enamel) and
nail abnormalities of Heimler syndrome were overlooked
before molecular diagnosis. When assessed retrospectively,
our proband presented mild amelogenesis imperfecta in sec-
ondary teeth.

Although it is known that patients with alpha-L-iduroni-
dase deficiency (MPSI1S or Scheie syndrome) can have HI
and retinal degeneration, it was surprising that these were
the cardinal symptoms leading to a molecular diagnosis
(homozygous IDUA variant) in proband 50. This illustrates
that mild phenotypic expression, in this case of a MPSIS,
can complicate or delay diagnosis.

Another unexpected finding was compound heterozy-
gosity of a likely pathogenic variant and a novel missense
variant in PDSS2 in proband 51. Coenzyme Q10 (CoQ,q)
deficiency is characterized by highly variable multi-systemic
manifestations, ranging from fatal neonatal encephalopathy
with hypotonia to isolated steroid-resistant nephrotic syn-
drome. The establishment of this molecular diagnosis in one
of our probands with HI and VI is especially relevant, since
high-dose oral CoQ,;, supplementation can slow disease
progression and even reverse some manifestations (Alcazar-
Fabra et al. 2018).

Proband 54 was homozygous for a known variant
in ABCC6, causing pseudoxantoma elasticum (OMIM
264800). This systemic elastic tissue disorder progressively
affects the skin, forming yellowish papules that coalesce to
form plaques until the skin becomes loose and redundant.
Ophthalmological findings include angioid streaks, reticular
macular dystrophy and speckled appearance of the macula.
The clinical diagnosis is typically made in the second or
third decade of life, when the skin and retinal symptoms are
evident. Although HI has not been associated with pseu-
doxanthoma elasticum, it has been reported in patients with

generalized arterial calcification of infancy (OMIM 624473),
which is also caused by recessive variants in ABCC6.

Collectively, these results suggest that patients with dual
sensory loss as the primary symptoms can suffer from a long
list of syndromes (Stff et al. 2020) that have HI and VI as
part of their symptoms and with mild phenotypic expression
or absence of additional symptoms that define the syndrome.
In many monogenic disorders, the genotype is not predic-
tive of the phenotype (Cooper et al. 2013). Variants that
have been found in patients with highly variable phenotypic
manifestations and apparently normal healthy individuals
underscore the importance of variable expressivity and
reduced penetrance.

Blended phenotypes

Large WEA studies revealed dual molecular diagnoses in
a considerable number of patients (Yang et al. 2014; Balci
etal. 2017; Posey et al. 2017). Therefore, it is not surprising
that three of our Usher probands exhibited additional vari-
ants in genes causing HI (OTOG, TECTA) or VI (ABCA4).
One non-USH proband exhibited variants in different genes
underlying HI (MYH14) and retinal or macular degenera-
tion (FBN2). In two probands, we found variants segregat-
ing with VI but no variants in deafness genes. Altogether,
in 6 (10%) of 59 probands dual sensory loss may represent
a blended phenotype of variants in different genes for HI
and/or VL.

In this context, it is noteworthy that although the vast
majority of our patients come from consanguineous families,
20 of 54 (37%) solved cases are due to compound heterozy-
gous variants in recessive genes. In 5 of 6 probands with
likely multi-locus variation, dominant variants contributed
to the phenotype. This accumulation of heterozygous vari-
ants in deaf-blind families may be at least partially related
to phenotypic mating structure among individuals with HI
and/or VL.

Limitations

In probands with a single pathogenic USH2A variant (50, 51,
and 57), partially solved (45 and 53), and unsolved cases (53,
57, and 39), CNVs and DIMs in USH2A were excluded by
MLPA and Sanger sequencing. Similarly, CNVs in PCDHI5
were excluded by MLPA. In some probands (42, 43, 44,
45, and 58), genome-wide microarray screening revealed
several CNVs; however, none were associated with HI and/
or V1. Although we did not perform a comprehensive CNV
analysis in all our probands, we can largely exclude a major
contribution of CNVs to the etiopathogenesis of deaf-blind-
ness in our cohort.

Despite diagnostic yields over 90%, some patients with
dual sensory impairment remain without firm molecular

@ Springer

151



798

Human Genetics (2022) 141:785-803

diagnosis. This may be due to not yet discovered genes or
variants in non-coding (intronic and regulatory) sequences,
undetected CNVs and structural variants (i.e. inversions),
or unannotated exons of known genes. Indeed, two of three
unsolved patients displayed single pathogenic variants in
USH genes, arguing in favor of the notion that we may have
missed the mutation in the second allele. Although switch-
ing molecular diagnostics from WEA to whole-genome
sequencing and improvement of diagnostic algorithms may
overcome some of these problems, our capacity for interpre-
tation variants outside the exome is still very limited.

Benefits of improved molecular diagnostics

Many patients with neuro-sensory impairments benefit from
an early molecular diagnosis, which may have important
implications for disease management (i.e. tailoring optimum
educational programs) and treatment (i.e. cochlear implanta-
tion, timely eye examinations and implementation of pro-
phylactic or therapeutic measures to improve vision or slow
the progression of retinal degeneration), prognosis (progres-
sive or stable, development of additional symptoms), and
family planning. Diagnosing syndromes in patients who are
pre-symptomatic (for a given symptom) enables patients to
consult respective specialists before symptoms manifest or
progress. A variety of gene therapy approaches using adeno-
associated viral vectors for gene delivery, antisense oligo-
nucleotides or genome editing agents have already yielded
promising results to prevent HI and retinal degeneration in
murine USH models (Nagel-Wolfrum et al., 2014 Géléoc
and El-Amraoui, 2020; Lentz et al. 2020), including clinical
trials in patients related to mutations in exon 13 of USH2A
(NCT03780257). Molecular diagnosis of the underlying
defect is crucial to stratify patients for a growing number
of successful ongoing clinical trials of ocular gene therapy,
which represents a notable advancement to other inherited
disorders (Cehajic-Kapetanovic et al. 2020).

Using state-of-the art clinical exome analysis, inciden-
tal or secondary findings unrelated to the primary reason
for sequencing but of medical value for the proband, are
identified in several percent of cases (Hart et al. 2019). The
ACMG recommends returning highly penetrant pathogenic
variants for a list of several dozen genes (Kalia et al. 2017;
https://www.ncbi.nlm.nih.gov/clinvar/docs/acmg/). Impor-
tant inclusion criteria are the possibility to confirm the asso-
ciated phenotype, the availability of preventive measures and
treatments, and that the mutation carriers can be asympto-
matic for prolonged periods of time. Ideally, the patients
should be alerted to this possibility before testing and have
the chance to opt-out of receiving such unexpected findings.
In this study we detected one medically actionable variant
in KCNQ/, which is associated with long QT syndrome and

@ Springer

has immediate implications for patient management. In addi-
tion, we found a pathogenic variant in MEFV which is asso-
ciated with familial Mediterranean fever and a hemizygous
variant in G6PD, which is associated with X-linked hemo-
lytic anemia. Although not included in the list of actionable
genes, these variants were considered as medically relevant
and returned to the affected probands/families. Thus, alto-
gether three (5%) probands in our cohort displayed second-
ary findings.

Web resources

ClinVar, https://www.ncbi.nlm.nih.gov/clinvar.

Deafness Variation Database, https://deafnessvariati
ondatabase.org.

Hereditary Hearing Loss Homepage, https://hereditary
hearingloss.org.

Leiden Open Variation Database (LOVD), https://www.
lovd.nl.

Moon Diploid, https://www.diploid.com/moon.

Mutation Distiller, https://www.mutationdistiller.org.

Primer 3, htips://primer3.org/.

ACMG Recommendations for Reporting of Inciden-
tal Findings in Clinical Exome and Genome Sequencing,
https://www.ncbi.nlm.nih.gov/clinvar/docs/acmg/.

Retinal Information Network, https://sph.uth.edu/retnet/
disease.htm.
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INTRODUCTION

Aminoacyl-tRNA synthetases (ARSs) are ubiquitously expressed
and essential enzymes required for the aminoacylation of specific
amino acids onto their cognate transfer RNAs (tRNAs). Biallelic
variants in ARS genes have been shown to cause a variety of
severe and early-onset human diseases [1]. These diseases appear
with diverse clinical manifestations such as Charcot-Marie-Tooth
disease [2], leukodystrophies [1, 3-5], cardiomyopathies [6],
hearing loss, [7] and other central nervous system (CNS)-related
pathologies [8-11]. ARS variants can lead to reduced aminoacyla-
tion activity, decreased translation accuracy, and defects in
noncanonical processes [1], but the underlying mechanisms
leading to pathology remain poorly understood [12]. As a result,
there are no effective treatment strategies for these pathologies.

Of the 37 ARS genes in humans, 18 encode cytoplasmic
enzymes, 17 encode mitochondrial enzymes, and 2 encode
bifunctional enzymes; KARS1 (lysyl-tRNA synthetase) is one of
the bifunctional ARS enzymes. In humans, a single KARST gene
(MIM 601421) [13] encodes both the cytoplasmic and mitochon-
drial lysyl-tRNA synthetases, which are generated by altemative
splicing. Biallelic variants in KARST have been reported in patients
with a broad spectrum of clinical manifestations including
Charcot-Marie-Tooth [2], nonsyndromic hearing loss [14, 15],
peripheral neuropathy [2], congenital visual impairment [16],
progressive microcephaly [16], hypertrophic cardiomyopathy [17],
leukoencephalopathies [15, 18, 19], leukodystrophy, [20] and
severe neurological and neurosensory disease with optic neuro-
pathy [21]. Twenty-eight pathogenic variants in 30 affected
individuals from 25 families have been identified to date,
following an autosomal recessive inheritance pattern.

Here, we report 10 new and 4 known biallelic missense variants
in KARS1T in 22 affected individuals from 16 unrelated families.
Having included data from 30 previously published KARST cases,
we provide a cumulative and comprehensive phenotypic char-
acterization of 52 affected individuals. A mouse knockout of Kars?
is embryonic lethal and dies before organogenesis occurs [22].
Nevertheless, the function of Karsl in specific tissues in vivo
remained unknown. Here, we generated loss-of-function alleles in
zebrafish using CRISPR/Cas9 to understand the function of kars?
in vivo.

MATERIALS AND METHODS

Genetic and phenotypic analysis

Blood samples were collected from all participants and genomic DNA was
extracted using standard methods. Sequencing methods and genetic
analysis summaries per individual sequenced in each family are summarized
in Table 51. Clinical information was collected using standardized templates
and completed by collaborating geneticists and clinicians. Brain magnetic
resonance images (MRIs)/computed tomography (CT) images from all
previously published reports and our cohort were systematically analyzed
by a pediatric neuroradiologist. Detailed clinical methods are described
in Supplementary information.

Zebrafish functional studies

Zebrafish (Danio rerio) were raised and maintained in an Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC)
accredited facility at the Oklahoma Medical Research Foundation (OMRF)
under standard conditions, and all experiments were performed as per
protocol 17-01 approved by the Institutional Animal Care Committee
(IACUC) of OMRF. All zebrafish work was carried out in wild-type (WT) strain
NHGRI-1. Detailed methods related to zebrafish work are described
in Supplementary information,

Statistical analysis

Each experiment was repeated three times, and sample sizes are described
in the Supplementary information. Data are presented as mean value %
standard deviation (SD). Statistical analysis was performed using GraphPad
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Prism version 8.4 (GraphPad Software, San Diego, CA, USA). In all analyses,
the significance level was set to 0.05. The p value was determined as
follows. The larval survival curve (Kaplan-Meier representation) was
assessed using the log rank Mantel-Cox test. One-way analysis of variance
(ANOVA) with Tukey's multiple comparisons test was used for eye and
head size comparisons. Two-tailed unpaired Student’s f-test with
nonparametric Mann-Whitney test was used for hair cell and motor exon
diameter calculation. Two-tailed unpaired Student’s r-test was used for the
comparison of gene expression levels between two groups, and Holm-
Sidak multiple comparisons correction was used for for multiple groups
comparison. Two-tailed unpaired t-test with Welch's correction was used
for the visual startle response (VSR) and auditory evoked behavior
response (AEBR) analyses.

RESULTS

Patients with KARS1 variants show multisystem abnormalities
primarily involving the nervous system

We investigated 22 affected individuals from 16 unrelated
families who harbored biallelic KARST variants (Fig. 1a). Clinical
summaries and variant details are presented in the Case Reports
in Supplementary information, Table 1, Fig. 1¢, and Tables 52 and
S3. All patients underwent either exome, genome, or targeted
gene sequencing and analyses, which excluded other function-
ally relevant variants compatible with Mendelian diseases, based
on mode of inheritance and clinical presentation. Variants were
Sanger sequence-confirmed (Fig. S1). We identified ten pre-
viously unpublished wvariants and four previously reported
variants [18, 19, 21, 23, 24] as listed in Table 1, and Fig. S2. Each
substitution affected a conserved amino acid, and all the variants
are predicted to be deleterious (Supplementary information,
Fig. 53).

Clinical description. The cohort mostly presented with a
moderate-to-severe developmental delay, progressive neurologi-
cal and neurosensory impairment, and white matter involvement,
variably associated with developmental regression, intellectual
disability, behavioral abnormalities, and additional extraneurolo-
gical signs. The disease typically manifested during early child-
hood with developmental delay and/or hearing impairment.
Developmental regression was reported in 7/22 cases (32%). Four
cases died at the mean age of 13.9 years due to respiratory
infection (2/4), sepsis (1/4), or postfebrile illness associated with
severe deterioration (1/4). All parents were asymptomatic and did
not exhibit neurological symptoms. Developmental delay was
present in 86% of cases (19/22) followed by intellectual disability
(15/21, 71%), speech delay (11/19, 58%), absent speech (11/20,
559%), failure to thrive (4/22, 18%), and behavioral abnormalities
such as autism (3/21, 14%) and hyperactive behavior (6/21, 29%).

All cases uniformly expressed neurological symptoms (22/22,
100%), frequently involving sensorineural hearing loss (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%). Hearing loss 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%), quadripleqgia (3/22, 14%), dystonia and tremor
(2/22, 9%), neuropathy (1/10, 10%), neurophysiclogically con-
firmed skeletal myopathy (2/22, 9%) (Video S1-2), generalized
muscle atrophy (2/22, 9%), and incontinence (4/22, 18%). None of
the cases expressed isolated hearing loss or sensory—-motor
neuropathy as the main clinical feature.

While not every case was uniformly examined, roughly half
were clinically diagnosed with microcephaly (10/18, 56%).
Interestingly, dysmorphic facial features were common in 67%
(14/21) of the cohort and this included a high or narrow
forehead, prominent nose, short philtrum, low-set ears,
broad nasal bridge, thin upper lip, epicanthus, and telecanthus

Genetics in Medicine (2021) 23:1933-1943
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(Fig. 1b; Supplementary Case Report includes detailed descrip-
tions). Other extraneurological signs included feeding difficulties
(6/22, 27%), and neonatal vomiting with diarrhea (2/22, 11%).
Single isolated cases displayed hypertrophic cardiomyopathy
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(1/11, 9%), and neonatal vomiting with diarrhea (2/22, 11%). The
case with hypertrophic cardiomyopathy did not have available
levels of lactate and mitochondrial respiratory chain enzymes
measured.
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Fig. 1

Identification of pathogenic variants in KARS1 in 16 families and clinical summary. (a) Pedigrees and segregation data for the 16

families included in this study. Affected and unaffected individuals are indicated by filled and open squares (males) and circles (females),
respectively. Probands are marked with red arrows. Double lines indicate consanguinity. Genetic diagnoses were made in 22 individuals. (b)
Clinical characteristics of patients with homozygous KARST variants, including affected individuals from family 1 (IV:4) (i, ii), family 2 (IV:3) (iii),
family 4 (V:3) (iv) and (V:4) (v), family 5 (I1:1) (vi}, family 7 (IV:1) (vii, viii) and IV:4 (ix), and family 8 (IV:1) (x) (IV:2) (xi). Frequent clinical features
include: spasticity and contractures in the limbs with clenched hands (i, ii), high forehead (iv, v, vi, vii, x), prominent nose (i, ii, iv, v, vi, vii, viii),
low-set ears (i, i, iv, v, vii, viii, ix), and short philtrum (i, ii, iv, v, vi, vii, ix, x}. () Phenotype summary of features associated with KARST pathogenic
variants. Asterisk denotes movement disorders that include ataxia, spasticity, quadriplegia, dystonia, or chorea/tremor. (d-o} Neurcimaging
features associated with KARST variants, with variable patterns of white matter (WM) involvement (red arrows), calcifications (red dotted
arrows), pontine hypoplasia (red arrowheads), cerebellar atrophy (red thick arrows), enlargement of the cerebral cerebrospinal fluid (CSF)

spaces, and corpus callosum hypoplasia (gold arrows).
4l

e |

Neuroimaging findings.  Brain MRI studies were available for 21/22
(95%) individuals (with more than one examination in 2 cases),
while head CT and spinal MRI were available for three and one
subjects, respectively (Fig. 1d-o). White matter involvement was
noted in 13/21 (61.9%) individuals. In 5/13 (38.4%) subjects, there
were confluent T2 hyperintensities in the periventricular white
matter, with prevalent involvement of parieto-occipital regions;
one of these subjects studied at 53 years of age had a previous
normal brain MRI (performed 8 years before). In 4/13 (23%)
subjects, there was mild diffuse T2 hyperintensity of the
supratentorial white matter, with sparing of the corpus callosum
and U fibers; one of these individuals studied at 4 years of age had
a previous normal brain MRl (performed 2 years before). Two
subjects (2/13, 15.3%) presented diffuse leukodystrophy with
corpus callosum involvement, sparing of the U fibers, and
calcifications; in one of them the cerebellar white matter was
also involved. Delayed myelination was noted in 2 other subjects
(2/13, 15.3%). White matter volume loss with ventricular enlarge-
ment was present in 10/21 (47.6%) cases. Enlargement of the
cerebral CSF spaces, mainly in the frontotemporal regions was
observed in 9/21 (42.8%) individuals. Hypoplasia of the pons and
corpus callosum was noted in 7/21 (33.3%) and 6/21 (28.5%) of
cases, respectively. Cerebellar atrophy, with prevalent or isolated
vermian invalvement was noted in 5/21 (23.8%) of cases. Finally, in
4/21 (19%) subjects, the brain MRI was normal.

Genotype-phenotype correlation. Inter- and intrafamilial pheno-
typic variability was noticed among individuals with the same
variants in the present KARST cohort. For instance, three affected
siblings in family 11 each harbored a homozygous KARST ¢.379T>C
(p.[Phe127Leu]) variant, and although they shared common
symptoms such as developmental delay, infantile-onset profound
hearing loss, 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. The same KARS!
variant was homozygous in the proband from family 1, who
differed from family 11 by a preserved vision, cerebellar ataxia,
classic leukodystrophy on MRI, and the basal ganglia calcification.
Similarly, five affected members from three independent families
were homozygous for the KARST c.1772A>T (p.[Asn591lle]) variant
and they had variable intra- and interfamilial expression of
epileptic seizures, cerebellar ataxia, intellectual disability, hypoto-
nia, polyneuropathy, behavioral abnormalities, and impaired
speech. Significant phenotypic variability was also noticed
between families 9 and 15 harboring the similar compound
heterozygous KARST wvariants c¢.683C>T (p.[Pro228Leu]) and
C.774A>T (p.[Arg258Ser]).

kars1 zebrafish disease model using CRISPR/Cas9-mediated targeted
mutagenesis. Zebrafish has a single kars1 gene (NCBI Gene ID:
280647) generating two transcript variants via alternative RNA
splicing, confirmed by reverse transcription polymerase chain
reaction (RT-PCR) from multiple developmental stages (Fig. 54,
and Supplementary information). To unravel the function of
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KARS1, we examined kars? messenger RNA (mRNA) expression in
zebrafish embryonic development using whole-mount in situ
hybridization (WISH). kars7 mRNA was initially ubiquitously
expressed but gradually became more prominent in the CNS,
eye, inner ear, muscles, and digestive system (liver, intestine, and
pancreas) (Fig. 2a—c, Supplementary information, and Fig. 55a—g).
We generated kars! loss-of-function zebrafish mutant lines usin
CRISPR/Cas9 and identified three independent alleles kars1°™'%",
kars1°™2%°8 and kars1°™%” (Fig. S6a—d). Homozygous karsi
animals showed morphological abnormalities starting at approxi-
mately 3 dpf including heart edema (black arrow), as well as
smaller heads (blue line), eye (red line) and otic vesicle (red
arrowhead) when compared to WT animals (Fig. 2d, e, and
Fig. 57a-c). Kars1 homozygous larvae also failed to inflate the
swim bladder (black arrowhead) and showed abnormal trunk
muscle fibers. We observed 100% mortality by 10 dpf for all three
kars1 homozygous mutant larvae, possibly because of the inability
to feed (Fig. 2f and Fig. S7d). We quantified the eye and head axial
length which were significantly reduced in kars7™'~ mutants
compared to control animals (Fig. 2g, h). Additionally, the karst~ /=
larvae failed to respond to touch and displayed a loss of spatial
orientation (Fig. S7e, f and Video S3). The side-laying position
observed in kars1 '~ mutant larvae might reflect loss of vestibular
function, severe muscle control failure, and/or absence of an
inflated swim bladder. which all affect balance. Given the kars1 /
mutants showed morphological defects in the eyes and ears, and
failed to response to touch, we further quantified their VSR and
AEBR; kars?7 '~ mutants showed completed loss of locomotor
activity in response to light or acoustic startle (Fig. 21, j). Overall,
the tissue/organ-specific morphological defects in kars? '~
mutants found in the eye, inner ear, and trunk muscles appeared
to directly correlate with kars? mRNA expression patterns during
embryo development, strongly suggesting these phenotypes and
behaviors arose from Kars1 loss of function.

To confirm the phenotypes of the kars1 ™"~ mutant animals arise
from loss of kars! function, we performed mRNA rescue
experiments by injecting either human WT KARST or the zebrafish
WT kars1 mRNA. Coinjection of mRNAs encoding the mitochon-
drial and cytoplasmic isoforms into 1-cell stage showed reduced
frequencies of heart edema (Fig. 2k) and significantly restored eye
size in kars] ' mutants (Fig. 2I). Furthermore, microinjection of
zebrafish kars7 mRNA further rescued the startle responses
compared to kars1 /~ mutant animals (Fig. 2m, n) suggesting
mutant phenotypes are caused by karsT loss of function.

The kars1 loss-of-function zebrafish model recapitulates patient
symptoms. Histological analysis of the brain of 5-dpf larvae
revealed a vacuolated spongiosus appearance with areas of
reduced cell density and disorganized segment boundaries in
kars1 ' mutants compared to WT siblings (Fig. 3a—c). Moreover,
eye volume was reduced and the retinal layer organization was
completely lost in the kars1~'~ mutants compared to WT siblings
(Fig. 3b) strongly suggesting impaired vision. Furthermore, the
number of neuronal cells appeared strongly reduced in the brain
and retina in kars7~'~ mutants compared to controls (Fig. 3a, b).

Genetics in Medicine (2021) 23:1933-1943
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Fig. 2 Expression of kars1 messenger RNA (mRNA) in embryos and kars1 knockouts show gross morphological and behavioral defects.
(a) kars1 expression in 1 days postfertilization (dpf) embryo. Dorsal view. (b,c) The cross-section of 2 dpf embryo. CMZ ciliary marginal zone, fb
forebrain, hb hindbrain, le lens, mb midbrain, MHB midbrain and hindbrain boundary, ov otic vesicle, TeO optic tectum. Black arrowheads
indicating the otic vesicle epithelium of otic vesicles. (d,e) Representative images of wild-type (WT) and kars1om1del7 (kars1™'") from 1 dpf to
5 dpf. Lateral view, anterior to the left. Red lines: eye diameter. Blue lines: brain size. Red arrowheads: inner ear. Black arrows: heart edema.
Black arrowhead: swim bladder. (f} Kaplan—Meier survival curves. Time is shown in days. The log rank test was used for statistical analysis. (g,h)
Quantification of eye and head size from kars1*" mutant in-cross at 3 and 5 dpf. (i,j) The visual startle response (VSR) and auditory evoked
behavior response (AEBR) analyses of animals at 6 dpf from kars1*" mutant in-cross. (k) Representative images of kars1™'~ mutant rescue
experiments and the guantification of heart edema phenotype. Animals were collected by defined heart edema categories at 3 dpf as shown
in pictures and calculated in percentage of total animals. (I) Eye size quantification of mRNA rescue experiments at 5 dpf. (m,n) The VSR and
AEBR analyses after RNA rescue at 6 dpf. n = number of animals. In (g,h,l), each dot represents one animal and error bars are presented as
mean + SD. One-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test: ****p < 0,0001. In (i,j,m,n), data are plotted by box
and whiskers plot and error bars indicate values from minimum to the maximum. Two-tailed unpaired t-test with Welch's correction: ns, not
significant p > 0.05, *p < 0.05 and ****p < 0.0001.

Immunohistochemical analysis of neuronal synapses revealed
reduced staining in all brain and eye regions pointing to a
significant reduction of synapses in kars?™'~ mutants (Fig. 3d),
suggesting impaired neuronal transmission. Additionally, staining
revealed abnormal motor neuron morphology, including shrink-
age of motor neuron axon projections and reduction of terminal
axonal branching in the mutants (Fig. 3e), further indicating strong
alteration of locomotor function in those animals.

Individuals with biallelic KARST pathogenic variants usually
present with combined neuronal and muscular dysfunction.
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Indeed, our WISH data revealed kars1 mRNA expression in trunk
muscles (Fig. 2a) and a loss of touch-evoked responses in the
kars1~'~ mutants (Fig. 57e and Video 53). Phalloidin staining that
labels actins showed weaker staining in the myotomes and
presented misaligned and detached muscle fibers from the
myotendinous junction (MTJ) (Fig. 3f, g) suggesting severe
neuromuscular dysfunction leading to absence of coordinated
locomotion.

Several individuals with KARS? variant alleles also display
hearing disorders reminiscent of the inner ear defects observed

Genetics in Medicine (2021) 23:1933-1943
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in kars1™'~ mutant larvae, such as perturbed sensory epithelia and
loss of AEBR startle response. Morphological analysis of the
mutants showed smaller otic vesicles and otoliths (Fig. 3h) and
flattened sensory epithelia in both anterior and posterior maculae
(Fig. 3c). The phalloidin staining in the inner ear showed strong
reduction in the number of F-actin-rich stereocilia, which are
crucial for the formation of hair cell bundles and thus for
mechanoelectrical transduction (Fig. 3i). Vital stain Yo-PRO-1
jodide, showed fewer hair cells in the zebrafish lateral line which
are morphologically and functionally similar to those of the inner

Genetics in Medicine (2021) 23:1933-1943

ear [25] (Fig. S8a, b). Taken together, these findings suggest that
kars1 plays a crucial role in hair cell formation in zebrafish,
reminiscent of hearing disorders found in a subset of individuals
affected with KARS1 variants.

Variants in KARS1 have been shown to be associated with
seizures (Table S2). Seizure activity positively correlates with the
expression of c-fos (fosab in zebrafish), a marker for general
neuronal activity. We used classical pro-chemoconvulsant drug
pentylenetetrazol (PTZ) to induce seizure activity and elevated
expression of fosab mRNA (Fig. S8¢). Intriguingly, untreated
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Fig. 3 The kars7~'~ larvae display neurological, muscle, and inner ear defects by histological analysis at 5 dpf. (a) Head region of wild-
type (WT) and kars? ’~ mutant by sagittal section. Red asterisks indicate massive loss of cell density, as well as in (b) and (c). Anterior to the
left and dorsal to the top. (b) Eye region of WT and kars7 '~ mutant by cross-section, Dorsal to the top. (¢) Inner ear region of WT and kars7

mutant by cross-section, Dorsal to the top. Lower panels were enlarged picture from black box. (d) Head region of WT and kars1 /'~ larvae
immunostained with anti-znp-1 antibody. The black-and-white fluorescent signals were inverted to negative film for a clear presentation.
Dorsal view, anterior to the left. on, optic nerve. (e) Trunk region of WT and kars1 7~ Jarvae which were immunaostained with anti-znp-1
antibody. ImageJ was used to measure the diameter of primary motor axons as indicated by red line in the right-down panels (enlarged from
red box). Statistics are shown on the right-hand side. Black dot indicates the diameter of each motor axon. Error bars = mean + 5D. Two-tailed
unpaired nonparametric Mann-Whitney test: ****p < 0.0001. Black arrowheads indicate the reduced terminal axonal branching compared to
WT. Anterior to the left and dorsal to the top. (f) The trunk region of WT and karsT~/~ larvae revealed by sagittal section. Anterior to the left
and dorsal to the top. (g) The trunk region of WT and kars1~'~ larvae revealed by confocal projections of phalloidin stained muscle fiber.
Anterior to the left and dorsal to the top. The lower-right panels are the higher-magnification view. (h) Representative bright-field images of
WT and kars1~'~ inner ear. Anterior to the left and dorsal to the top. oto otolith, SC semicircular canal. (i) The red fluorescent conjugated
phalloidin staining was performed to visualize the bundles (stereocilia) of hair cells in inner ear. Anterior to the left and dorsal to the top. ac
anterior crista, am anterior macula, ce cerebellum, GCL ganglion cell layer, hb hindbrain, INL inner nuclear layer, IPL inner plexiform layer, Ic

lateral crista, ONL outer nuclear layer, pc posterior crista.pm posterior macula, RPE retinal pigment epithelium, TeO optic tectum.
ol

~

kars1='~ larvae, when compared with untreated WT controls,
exhibited twofold at 3 dpf and tenfold increase at 6 dpf in fosab
mRNA levels (Fig. 58d) suggesting seizure-like activity in homo-
zygous animals.

Together, our morphological, behavioral, and histological analyses
demonstrate that the kars1 /~ zebrafish mutant larvae exhibit visual
impairment, neuromuscular dysfunction, sensorineural hearing loss,
and increased expression of seizure marker, c-fos, thus recapitulating
a number of pathologies found in individuals with KARST variants.

Kars1 loss of function triggers p53-mediated apoptosis and down-
regulation of key neurodevelopmental related genes. To determine
the consequences of Kars1 loss of function on gene expression,
we performed RNA-sequencing (RNA-Seq) on WT and kars1 ™'~
mutants at 3 dpf and 4 dpf and compared gene expression
profiles, We found 1,616 and 1,409 differentially expressed genes
(DEGs) at 3 dpf and 4 dpf respectively, 563 genes overlapped
between 3 dpf and 4 dpf (Fig. S9a-c, and Table S5). KEGG pathway
analysis showed kars1 loss of function dysregulated many
pathways including the p53 and cell apoptosis pathway
(Figs. 510-12). ARSs have been shown to regulate cell death
pathways [26, 27]. To test whether the morphological defects
found in kars? " mutants were due to abnormal cell apoptosis,
we performed a TUNEL assay and observed an increase in TUNEL-
positive cells in the brain, eye, trunk, and inner ear of kars ™’
mutants compared with sibling animals at 5 dpf (Fig. S13a, b),
suggesting distinct cell types are particularly sensitive to loss of
Kars1. Next, to determine whether increased cell apoptosis was
mediated by p53 activation, we knocked down tp53 by micro-
injecting kars?™'~ mutant animals with tp53 antisense morpho-
linos (MO) and subsequently performed the TUNEL assays at 3 dpf.
Results showed a significant reduction in the TUNEL-positive
signals in the brain, eye, ear, and trunk in the MO-injected kars1 *
~ mutant (Fig. 4a—c). Strikingly, reduction in eye size (Fig. 4d) and
upregulation of several apoptosis markers were restored to WT
levels (Fig. 4e), therefore confirming the p53 pathway was
successfully knocked down, and furthermore implicating it in
reduction of eye size. To further characterize the functional rescue
at the molecular level after inhibiting the p53 pathway, we
examined the expression of six genes we previously found to be
downregulated in kars?™'~ mutants (Fig. 4f. All six genes showed
at least partially restored expression upon p53 knockdown in
kars1™'~ mutants. Taken together, the loss of Kars1 upregulated
the p53 pathway thus leading to apoptosis thereby causing
multiple phenotypic abnormalities.

To validate our findings, we used CRISPR/Cas9 technology to
generate biallelic variants. Coinjecting WT kars1 mRNAs with the
kars1 sgRNAs rescued these phenotypes, confirming they arise
from Kars1 loss of function (Fig. 4g). Importantly, coinjection of
tp53 sgRNAs with kars1 sgRNAs restored the eye and head size of
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the kars1 Fy mutants (Fig. 4g-i). Moreover, whereas 90% of kars1
Fy mutant animals died by 10 dpf, only 20% of animals coinjected
with either karsT mRNAs or tp53 sgRNAs died by 10 dpf (Fig. 4j).
Histological analysis showed vacuolated spongiosus appearance
in the brain was significantly restored in karsi:tp53 F, mutants
compared to kars1 Fy mutants, as was eye volume and retinal layer
organization (Fig. 4k) and vision/hearing startle responses (Fig.
S13¢, d). At the molecular level, kars?T Fy mutants showed
significantly reduced kars1 expression and increased tp53 expres-
sion compared to the uninjected control, whereas kars1;tp53 Fy
mutants showed significantly reduced expression of both kars1
and tp53 (Fig. S13e). Additionally, kars1 F, mutants showed
increased casp8 and decreased mbpa, neurod], and stxbpila
expression compared to controls that was restored in kars1;tp53 Fg
mutants (Fig. 513f). Togerher, our results showed karsT Fy mutants
phenocopy the kars7™'~ mutant, and p53 depletion mitigates the
morphological, behavior, and molecular phenotypes due to loss
of Kars1,

DISCUSSION

Deciphering how variants in different ARS genes cause diverse
organ-specific phenotypes is crucial to inform therapeutic
approaches for ARS-related disorders. We report 10 novel and 4
known variants in KARST from 22 patients belonging to 16
unrelated families. Having included the clinical and neuroimaging
data from our cohort and the corresponding data from the
previously published 30 KARST cases (25 families), we made a
cumulative phenotypic characterization for 52 cases with biallelic
KARST variants (Fig. 1c).

MNotably, our cohort expands the phenotypic spectrum of KARST
variants to include autism/hyperactivity. Additionally, we highlight a
variety of KARST-associated dysmorphic facial features, as facial
dysmorphism has rarely been described in previous KARST reports. It
is reported in 11/52 individuals, where ten cases were identified in
our cohort and one case from McLaughlin et al. [2]. We also provide
further supporting evidence for skeletal myopathy, a phenotype that
has previously been reported in one case [17]. Our case with
hypertrophic cardiomyopathy (family 4) seems to also highlight the
importance of this phenotype as in the previous few reports [17, 28].
Finally, we highlight cerebellar ataxia might be a frequent KARSI-
associated feature that was previously reported only in 3/30 (10%)
cases but present in 32% (7/22) of our cohort. Our cumulative
phenotypic analysis showed that similar to other ARS, KARS1
expresses predominant neurological and neurosensory phenotypes
associated with facial dysmorphism [29].

The systematic analysis of all available neurcimaging
data, including the present cases, suggests the spectrum of
manifestations associated with KARST variants is wide, ranging
from normal brain appearance to a severe leukodystrophy with
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Fig. 4 Cell apoptosis was activated by kars1 loss of function through p53 pathway. (a-c) Representative images of sibling, kars? ™", and

kars1

+ p53 MO at 3 dpf after TUNEL staining. Red circle indicates eye region. Scale bars = 100 um. (d} The eye size measurements of

sibling, kars! '~ and kars1~'~ + p53 MO at 3 dpf. (e) The expression levels of p53 pathway genes were examined by reverse transcription
quantitative polymerase chain reaction (RT-gPCR) after p53 MO injection. (f) Those downregulated genes in RNA-seq data were examined by
RT-gPCR after p53 MO injection. For (ef), the expression levels were normalized to 78S housekeeping gene. Error bars = mean + SD. Two-
tailed unpaired Student’s t-test with Holm-Sidak multiple comparisons correction: ns, not significant p = 0.05, *p < 0.05, **p < 0.01, and ***p <
0.001. (g) Representative images of uninjected control, kars1 Fy mutant, kars1;tp53 Fy mutant, and kars? Fy mutant coinjected with kars1
messenger RNA (mRNA) at 5 dpf. Lateral view, anterior to the left. (h,i) Measurement of eye and head size in control, tp53 F, mutant, kars1 Fy
mutant, karsi;tp53 F, mutant, and kars1 Fq mutant coinjected with 150 picogram (pg) and 200 pg of kars? mRNA at 5 dpf. For (d/h,i), each
symbol represents one animal. Error bars = mean % SD. One-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test: ns, not
significant p20.05 and ****p < 0.0001. (j) Kaplan-Meier survival curves. Time is shown in days. Log rank test: ****p <0.0001. (k) Histology
analysis of uninjected control, kars1 Fy mutant and kars1;tp53 Fy, mutant by cross-section.

rapid brain atrophy. Slightly more than one third of cases (18/52,
34.6%) presented with a progressive leukodystrophy, involving the
corpus callosum and sparing the U fibers, variably extending to the
spinal cord and cerebellar white matter, often associated with
peculiar cerebral and spinal cord calcifications [18-20]. Less specific
patterns included faint diffuse (6/52, 11.5%) or multifocal periven-
tricular (7/52, 13.4%) white matter signal alterations. Interestingly, a
third of the present patients had callosal hypoplasia, a likely
underestimated feature previously described in three subjects with
KARS1 variants [16, 30]. This finding is only partly related to the loss
of cerebral white matter volume, as the corpus callosum in these
subjects is thin but also shorter than normal. In addition, we
uncovered hypoplasia of the pons in one third of subjects, and
atrophy of cerebellum with prevalent vermian involvement in 20%
of cases, Taken together, these neuroimaging features expand the
phenotypes related to KARST variants, indicating a prenatal onset of
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the disease often associated with a rapid neurodegenerative course
[31, 32].

Although a clear genotype-phenotype correlation in KARST-
related disease is lacking, we noticed some interesting associa-
tions. The KARST c.379T>C (p.[Phe127Leu]) variant was present in
the case from family 1 in a homozygous state, and the same
variant was present in compound heterozygosity in one of the
cases from the Ardissone et al. report [18]. Besides the typical
developmental delay and hearing loss, both cases shared other
phenotypic similarity including seizures, psychomotor regression,
hypatonia, spastic tetraparesis, and brain calcifications. The KARS1
¢.683C>T (p.[Pro228Leu]) variant was present in compound
heterozygosity in family 9 and a report by Scheidecker et al.
[21], and both families manifested ataxia, visual impairment, and
dystonia. Identifying and characterizing homozygous individuals
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with these variants in the future would be of interest to further
evaluate this potential association.

Biallelic KARS1T variants have emerged as a cause of rare early-
onset childhood neurodegenerative disorders presenting with a
multiorgan dysfunction suggestive of mitochondrial disorders
but usually with normal biochemical assays. Therefore, in addition
to the initial association of biallelic KARS1 variants with
Charcot-Marie-Tooth disease and nonsyndromic hearing loss in
single isolated cases (2/50), an early-onset complex neurological and
syndromic phenotype should be assigned to KARST in OMIM. This
might yield more families with KARS]-related disease and improve
understanding of its neurobiology and phenotypic spectrum.

The physiological relevance of several ARS genes has been
assessed in vivo using zebrafish [33-35]. Here, we showed kars?
homozygous (kars1~/") zebrafish larvae exhibit the phenotypic
hallmarks associated with pathogenic variants reported in patients.
In agreement with our study, Kars? knockdown in Xenopus caused
developmental defects of head and eyes; loss of myelination and
reduced expression of myelin binding protein, leading to incom-
plete formation of white matter; and reduced brain volume
suggesting an important role of KARS1 across the species [20].

Loss of ARS enzymes have been shown to activate the
p53 signaling pathway [36]. Likewise, in zebrafish, overexpression
of an editing-defective valyl-tRNA synthetase (VARS1) activates the
p53 signaling pathway, and increased expression of targets such as
cyclin-dependent kinase inhibitor p21 (cdkn1a) and gadd45 leading
to cell death [37]. Kars7T '~ mutants show upregulation of
p53 signaling and apoptosis pathway genes. Interestingly, upregula-
tion of p53 signaling has been connected to apoptosis of human
oligodendrocytes (@ type of myelinforming cells) [38], and
cuprizone- [39] or compressed spinal cord injury- [40] induced
demyelination (one of the categories in leukodystrophy classifica-
tion) in mice. Genetic or pharmacological inhibition of p53
decreased the susceptibility of cuprizone-induced demyelination
and increased the survival rate of oligodendrocytes [39]. These data
and our current findings emphasize that p53 pathway inhibitors
might represent potential therapeutics for KARST patients.

One of the limitations of this study is lack of functional variant
analysis in zebrafish. However, our structural modeling data shows
27/36 variants occur in the aminoacylation domain, and therefore,
likely affect enzyme activity. Since KARS1 is a multifunctional
protein, variants in this study could affect the canonical as well as
noncanonical functions of the protein.

In summary, our findings underscore a conserved and unique
requirement for ARS during nervous system and muscle
development to prevent p53-mediated apoptosis and disease.
Our disease model offers promising avenues to explore the
biallelic contributions of KARS1, and similar approaches could
be exploited to understand a number of diseases associated
variants in essential genes.
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Summary

Spermatogenesis-associated 5 like 1 (SPATASL1) represents an orphan gene encoding a protein of unknown function. We report 28 bi-al-
lelic variants in SPATASLI associated with sensorineural hearing loss in 47 individuals from 28 (26 unrelated) families. In addition, 25/47
affected individuals (53%) presented with microcephaly, developmental delay/intellectual disability, cerebral palsy, and/or epilepsy.
Modeling indicated damaging effect of variants on the protein, largely via destabilizing effects on protein domains. Brain imaging re-
vealed diminished cerebral volume, thin corpus callosum, and periventricular leukomalacia, and quantitative volumetry demonstrated
significantly diminished white matter volumes in several individuals. Immunofluorescent imaging in rat hippocampal neurons revealed
localization of Spatasll in neuronal and glial cell nuclei and more prominent expression in neurons. In the rodent inner ear, Spatasll is
expressed in the neurosensory hair cells and inner ear supporting cells. Transcriptomic analysis performed with fibroblasts from affected
individuals was able to distinguish affected from controls by principal components. Analysis of differentially expressed genes and net-
works suggested a role for SPATASL1 in cell surface adhesion receptor function, intracellular focal adhesions, and DNA replication and
mitosis. Collectively, our results indicate that bi-allelic SPATASL1 variants lead to a human disease characterized by sensorineural hearing
loss (SNHL) with or without a nonprogressive mixed neurodevelopmental phenotype.

Neurodevelopmental disorders (NDDs) frequently co- of development. These disorders represent a wide spectrum
occur because disruption of early brain morphogenesis of clinical manifestations, ranging from single organ (e.g.,
and connectivity can affect multiple intersecting domains  brain) pathology to embryonic lethality due to failure of
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vital organs, yet common, recognizable NDD phenotypes
include intellectual disability, hearing loss, cerebral palsy,
autism, and epilepsy. Prior work has revealed that homozy-
gous or compound heterozygous variants in the spermato-
genesis-associated 5 gene (SPATAS [MIM: 613940]) cause
an NDD syndrome' that features microcephaly, cortical vi-
sual impairment, intellectual disability, spastic cerebral
palsy, epilepsy, and sensorineural hearing loss (SNHL)
(MIM: 616577). Neuroimaging features included hypo-
myelination in some individuals and a thin corpus cal-
losum. Based on the domain structure, SPATAS has been
grouped into the ATPase associated with diverse activities
(AAA+) protein family.” Knockdown of Spata$ in rat

cortical neurons led to abnormal mitochondrial
morphology and fission/fusion ratios,” suggesting a role
in energy metabolism. In humans, SPATAS has a paralog,
spermatogenesis-associated 5 like 1 (SPATASL1), that is
35% identical and 52% similar by Drosophila RNAi
Research Center Integrative Ortholog Prediction Tool (DI-
OPT) alignment, Previous genome-wide association
studies have found that SPATASLI resides within a locus
associated with chronic kidney disease in a combined
North American and Dutch cohort,” which was replicated
in Japanese’ and Mongolian® cohorts. However, no Men-
delian disease-associated variants have been previously re-
ported in SPATASLI.
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Here, as part of large-scale sequencing screens of individ-
uals with SNHL and cerebral palsy, we detected bi-allelic, pre-
dicted deleterious variants in SPATASLI (HGNC: 28762,
GenBank: NM_024063.3). Using GeneMatcher’ services,
we subsequently connected with colleagues worldwide.
Together, we report 28 unique SPATASL1 variants in 47
affected individuals from 28 (26 unrelated) families. All hu-
man subjects’ studies were performed in accordance with
the ethical standards of the responsible committee on hu-
man experimentation according to institutional and na-
tional standards. Proper informed consent was obtained for
all participants. Sequencing was performed at numerous cen-
ters, but all used llumina systems and institutional pipelines
based on current GATK best practices.”” Details regarding
sequencing metrics and variant prioritization can be found
in the supplemental material and methods, Among the iden-
tified variants, 25 were present in the cohort in compound
heterozygous form and three were found as homozygous var-
iants (Figure 51). Out of these three, one missense variant,
¢.1199C=T (p.Thr400lle), also segregates in a compound
heterozygous fashion in two other families. Most putatively
damaging variants were private except for five that were
detected in multiple families: ¢.527G>T (p.Glyl76Val),
¢.1398T>G (p.lle466Met), ¢.606_619dupl4 (p.Glu207-
Glyfs*25), ¢.1199C>T (p.Thr400lle), and c¢.2066G>T
(p.Gly689Val); the former two were found in both the neuro-
logic presentation and isolated hearing loss cases, and the
latter two were found only in individuals with neurologic
presentation. The pathogenicity of missense variants was
predicted by * 3 algorithms (Table S1). None of the identified
variants were found in homozygous form in gnomAD.

All affected individuals with bi-allelic variants in SPA-
TASL1 presented with mild, moderate, or severe hearing
loss, and about half (25/47, 53%) also exhibited neurologic
features, particularly global developmental delay/intellec-
tual disability (seen in all individuals with neurologic
involvement). Other prominent neurological findings
included spastic-dystonic cerebral palsy in approximately
two-thirds, epilepsy (16/25, 64%), and cortical visual
impairment (15/25, 60%). Clinical features of our cohort
are summarized in Table 1 and Figure 1A (and detailed in
Tables 82 and S3). Operational definitions for presence/
absence of NDDs can be found in the supplemental mate-
rial and methods. Case video review indicated visual
impairment, impaired expressive language, intellectual
disability, and mixed movement disorders with resultant
orthopedic complications (Videos S1, §2, 83, §4, 85, and
$6).

Most individuals exhibited a movement disorder, typi-
cally spasticity (17/25, 68%), dystonia (15/25, 60%), or a
combination of these two forms of hypertonia (13/25,
52%). This usually occurred in a quadriplegic or general-
ized distribution. More than half (17/25, 68%) of the indi-
viduals had isolated hypotonia, although these individuals
tended to be younger and may not have manifested their
full motor phenotype. Some individuals were reported to
exhibit ataxia, while non-epileptic myoclonus was identi-

fied in one. Stereotypies were seen in several individuals
as well. The degree of cognitive impairment seen in
affected individuals varied from severe to profound. For
severely affected individuals, hyporesponsiveness to envi-
ronmental stimuli was seen. Autistic features were absent
except for in two individuals. Additional neuropsychiatric
features were not reported, and behavior problems were
not prominent. A combination of focal and generalized
seizure types was reported. Few individuals (4/25, 16%) ex-
hibited infantile spasms, often associated with a clinical
diagnosis of West syndrome. Other forms of generalized
seizures included myoclonic (7/25, 28%), absence (3/25,
12%), and generalized tonic-clonic (11/25, 44%) events.
Focal epilepsy (4/25, 16%), sometimes with secondary
generalization, was evident in several individuals as well,
and a subset demonstrated mixed focal and generalized se-
miologies. One individual was reported to have evidence
of electrical status epilepticus in slow wave sleep (ESES),
and seizures in some were intractable or described in the
context of a developmental or epileptic encephalopathy:.

Microcephaly was present in about half of the affected
individuals (13/25, 52%). Facial dysmorphism, assessed
locally and confirmed by a trained dysmorphologist
(M.C.E) whenever possible, was noted in one-third (9/
25) of affected individuals. Facial features included down-
slanting palpebral fissures, widow's peak, low frontal hair-
line, large ears, tooth malformation, high palate, bitempo-
ral narrowing, sparse eyebrows, depressed nasal bridge,
and micrognathia as well as prominent upper lip, small
chin, and mild telecanthus, evident in individual facial
photographs (Figure 1B). A gestalt representation of “SPA-
TASL1 facies” was also constructed with the Face2Gene
RESEARCH application (FDNA, Boston, MA, USA). Howev-
er, this facial gestalt did not highlight any consistent dys-
morphism, evidenced by the lack of a significant difference
between the case and the age-, sex-, and ethnicity-matched
control cohort (p = 0.223, Figure 52).

Neuroimaging findings were assessed by a board-certi-
fied neuroradiologist (P.C.). Some individuals’ brains were
morphologically normal, but relatively consistent features
included diminished cortical volume, periventricular leu-
komalacia, widened Sylvian fissures, anterior temporal hy-
poplasia, and hypoplastic corpus callosum (Figure 2A).
More variable features included delayed myelination in
toddlers, an “ears of the lynx"-like appearance, incomplete
hippocampal rotation, optic nerve hypoplasia, and small
pons. To further characterize the structural neuroanatomic
findings, we performed a quantitative volumetric analysis
with DICOM data from clinical magnetic resonance im-
ages by using a previously described method.'” This anal-
ysis revealed a significance decrease in white matter vol-
ume in SPATASL1 cases compared to controls (Figure 2B).

Intriguingly, a subset of individuals (DY1-DY11) with bi-
allelic SPATASL1 variants presented with isolated, non-syn-
dromic hearing loss without neurological features (22/47,
47%, Figure S1, Table S2). These individuals were all of
Ashkenazi Jewish decent, and in all, the missense variant
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Table 1.  Bi-allelic variants in SPATASLT cause a 1] |{ ing intell ] palsy, and hearing loss

Family Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8 Family 9
Patient 1 (proband) 3 (proband) 5 6 7 8 9 10 (proband) 13
cDNA €.1304_1305del C.734T = A (pat);  C.1A=T (pat); 515C>A (pat.); €1973G>A (pat.); C.76A>G (pat.); C1556C>A (hom.) ¢1199C=>T (hom) c.1676delC (pat.);
(GenBank: (pat.); c.121G=C c.1398T>G (mat.) ¢.2066G=T (mat.)  c.196G>T (mat.) c.2176_2177del €.1079T=C (mat.) €.1682T=C (mat.)
NM_024063.3) (mat.) (mat.)
Protein p.lle435Argfs*4 p.Val245Glu (pat.); p.Metl? (pat.); p.Prol72His p.Arg658Lys (pat.); p.Thr26Ala (pat.); p.AlaS19Asp (hom.) p.Thr400lle (hom.) p.AlaS59Glufs*33
(GenBank: (pat.); p.Alad1Pro p.lled66Met (mat.) p.Gly689Val (mat.) (pat.); p.Val726Lysfs*13  p.Phe360Ser (mat.) (pat.); p.Leus61Ser
NP_076968.2) (mat.) p-Asp66Tyr {mat.) (mat.)
(mat.)
Ancestry Tragi European, with American; mat. mixed European Spanish African American Turkish Kazakh mixed, Eastern
Ashkenazi Jewish  ethnicity, Italian; European, and
ancestry pat. ethnicity, Italian Scandinavian

and Afro-American

Sex male male female male male female female female male

Age at first year of life 32 months 27 months 23 years 4 months 9-12 months 5 years 7 months 1 month

diagnosis

Hearing + + + + + + + - +

impairment

Spasticity + = + = = = + + +

Dystonia / = +1+ -1+ — I N/A =i N/A/ - +/ - +/+ sefinge

hypotonia

Pattern spastic quadriplegia  N/A spastic quadriplegia  N/A N/A N/A spastic-dystoni spastic iplegia spastic quadriplegia

tetraparesis

Microcephaly  + (acq., 47 cmat 6 — + (acq., 46 cmat 3 — + (acq, 45 cmat 1 — + (27 cm at birth)  + (45 cm at 6 years) —

(HC) years) years) year)

DD /ID + profound DD + global DD + global DD + severe DD + profound DD + + severe DD + profound DD / ID + profound DD

Epilepsy + - - + - + + + +

Dysmorphic - | - + +

features

Visual cortical visual - cortical visual - - N/A severe cortical visual probable cortical severe impairment

impairment blindness impairment impairment blindness

MRI findings ~ progressive CO and  concern for delayed delayed CC lipoma, normal thin CC; enlarged  profound cortical ~ paucity of normal (age
CB volume loss; thin myelination myelination; thin  otherwise normal 4" ventricle; mega  atrophy with periventricular WM 14 months); repeat
CC; periventricular cC cisterna magna; predominant bilaterally with MRI showed
T2 hyperintensities; possible brainstem  reduction of the patchy confluent T2 diminished cortical
subtle GP hypoplasia; possible white matter; hyperintensity; thin volume
hyperintensity delayed myelination cerebellum and CC; generalized CO
bilaterally brainstemn normal  atrophy

Family Family 10 Family 11 Family 12 Family 13 Family 14 Family 15 Family 16 Family 17 Family 18

Patient 14 15 16 (proband) 18 19 20 21 22 (proband) 25

(Contirmied o next pagey
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Table 1. Continued

Family Family 10 Family 11 Family 12 Family 13 Family 14 Family 15 Family 16 Family 17 Family 18
cDNA ¢.190C=T; €.85T=G (hom.) ¢.1199C>T (pat.);  ¢.2066G>T (pat);  ¢.527G>T (pat.); €.527G>T; €.213T>G; .1091T>A (pat.); ¢.1648_1649insC;
(GenBank: €.1826C=G €.1090-2A>G €.527G>T (mat.) c.2006T>G (mat.) ¢.1199C>T €1313T>C (hom.) ¢.1918C=T (mat.y  ¢.2066G=T
NM_024063.3) (mat.)
Protein P.ATg64TI; p.Cys29Gly p.Thr4001le (pat.);  p.Gly689Val (pat); p.Gly176Val (pat); p.Gly176Val; pPhe71Leu thom.); p.Val364Glu (pat); p.PheSS0Serfs*16;
(GenBank: p.Ser609* (hom.) p.? (mat.) p.Glyl76Val (mat) p.Met669Arg (mat.) p.Thr400Ie p-Leud38Pro (hom.) p.Arg640* (mat.) p.Gly689Val
NP_076968.2)
Ancestry African American  Turkish European (German) Italian European (German) German Arabian German Italian
Sex male male male male female male male male male
Age at 3 months 14 months 5 years § years, 6 months  2-3 months 15 years, 6 months 8 weeks 14 years, 9 months 5 months
diagnosis
Hearing + - + + + + + + +
impairment
Spasticity + = = i 5 <k *+ +: =
Dystonia / +/+ Al = Ao +/+ +/+ +1+ +/+ +/+ +/+
hypotonia
Pattern spastic quadriplegia quadriparesis spastic quadriplegia spastic quadriplegia spastic quadriplegia hypotonic dystonic hypotonic dystonic  hypotonic dystonic  hypotonic dystonic
spastic quadriplegia spastic quadriplegia spastic quadriplegia spastic quadriplegia
Microcephaly + + (34 cm at - + (acq.) + (cong.) +(=25Dat 1 year) + (32 cm at birth) - + (48 cm at 6 years)
(HC) Dbirth)
DD/ ID + profound global ~ + + profound global  + severe ID + severe D + profound global ~ + profound global ~ + profound global ~ + profound global
DD DD DD DD DD DD
Epilepsy - t - ' ' + 4 +
Dysmorphic - £ = + = N/A + - +
features
Visual = - mild myopia N/A severe impairment  — severe impairment  severe impairment  central visual
impairment impairment
MRI findings  diffusely diminished bilateral diminished CO ventricle diffuse slightly mildly diminished  mega cisterna normal (11 months); brain
CO volumes; ex peritrigonal volume; enlargement (slight); diminished CO CO volume; mildly magna; embryonic — slightly enlarged hypomyelination;
vacuo dilatation LV; hyperintensity  periventricular WM WM hyperintensity volume; thin CC;  atrophic BG; delayed variant posterior ventricles diffuse slight brain
delayed hyperintensity lactate peak myelination of the cerebral artery (19 months); no atrophy
myelination; thin visualized on MRS (2 CC progression of
2} years) ventricular
enlargement
(25 months);
delayed

myelination, thin
CC (4.5 years)

Abbreviations: CO, cortical; CB, cerebellar; CC, corpus callosum; DD, developmental delay; ID, intellectual disability; GP, globus pallidus; WM, white matter; BG, basal ganglia; MRS, magnetic resonance spectroscopy; mat.,
maternal; pat., paternal; hom., homozygous; +, clinical feature detected; —, clinical feature not observed; N/A, no information provided for clinical feature; SD, standard deviation; p, percentile; acq., acquired postnatally;
cong., congenital; HC, head circumference. T2 is an MRI signal acquisition parameter.
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Figure 1.

Prevalent clinical features of individuals with bi-allelic variants in SPATASL]

(A) Bar graph illustrating the prevalence of the most relevant clinical features from the 25 individuals for whom full datasets were avail-
able from 18 families with the neurodevelopmental phenotype. Blue: individuals with the clinical feature. Gray: individuals without the

clinical feature,

(B) Representative clinical features of individuals carrying bi-allelic SPATASLI variants with the severe neurodevelopmental phenotype,
showing subtle and non-specific dysmorphic features, including downslanting palpebral fissures, bitemporal narrowing, and depressed

nasal bridge.

c.1398T>G was identified in compound heterozygosity
with various other pathogenic alleles, suggesting a hypo-
morphic founder allele, resulting in a partial rather than
complete loss-of-protein function. According to gnomAD,
the allele frequency of this variant is 0.0029 in individuals
of Ashkenazi Jewish background, indicating a frequency of
homozygotes of 0.8/100,000. The fact that no individuals
with SNHL hearing loss and homozygosity for the
¢.1398T=G allele were identified further raises the ques-
tion whether the variant would not lead to a clinical
phenotype in homozygous form. Like the cases with
neurologic involvement, the bilateral SNHL associated
with isolated cases was mild to profound. There appeared
to be some benefit to cochlear implants among individuals
who received this intervention.

SPATASL1 belongs to the AAA+ ATPases protein super-
family, a functionally diverse group of enzymes that
hydrolyze ATP to induce changes in target substrates. Var-
iants identified in our cohort are spread throughout the
gene and protein (Figure 3A, visualized with Geneious
Prime 2021.0.1). Structural effects of a subset of missense
variants detected in our cohort were assessed by VIPUR'!
and Missense3D'” based on a three-dimensional model
of SPATASL1. Of the 13 variants investigated, 11 variants
were predicted to have a deleterious effect on protein struc-
ture (Figure 3B) via a combination of destabilizing effects,
including steric clashes, loss of hydrophobic packing, loss
of polar interactions, and the emergence of buried charged
residues (Figure 53). All variants predicted to be deleterious
are expected to destabilize domains within SPATASLI,

except for the p.Gly689Val variant, which is predicted to
create steric clashes with the ATP ligand, affecting ATP-
binding properties.

We next sought to define the typical protein localization
of SPATASL1. SPATASL1 mRNA has been detected (albeit at
low levels) in both neurons and glia, both during embry-
onic and adult stages of human brain development
(Figure 4A). We confirmed this at the protein level in rat
dissociated hippocampal cultures, identifying SpataS11
immunoreactivity within neurons, astrocytes, oligoden-
drocytes, and microglia; the most prominent staining
was in neurons (Figure 4B). Spata5l1 localized primarily
to the nucleus. Within the ear, both inner and outer hair
cells exhibit detectable levels of Spafa5l] transcript
(Figure 4C). Rat whole mounts stained with a commercial
antibody against SpataSll demonstrated that Spata5Sl1 is
present in hair cells and pillar cells of the organ of Corti
(Figure 4D), suggesting that loss of wild-type protein may
lead to sensorineural hearing loss by disrupting normal
function within these structures.

The precise function of SPATASL] in brain, inner ear,
and other tissues is currently unknown. However, the
sequence similarity and overlapping clinical manifesta-
tions in individuals harboring putatively loss-of-function
or protein-damaging variants in SPATAS and SPATASL1
led us to speculate as to a potential redundancy between
the two proteins. Given the proposed role of SPATAS in
mitochondrial function,’ we assessed oxidative phosphor-
ylation (OXPHOS) in primary fibroblasts from affected in-
dividuals 2-3, 2-4, 7-9 (i.e., individuals 3 and 4 from family
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Figure 2. NMNeuroimaging features in individuals harboring bi-allelic predicted-deleterious variants in SPATASLT

(A) T1 and T2/FLAIR MRI images were assessed for the presence of periventricular leukomalacia (defined as T2 hyperintensity and/or
diminished white matter volume/ex vacuo ventriculomegaly evident adjacent to the ventricles); anterior temporal lobe hypoplasia;
widened Sylvian fissures (characterized as diminished coverage of the insular cortex), diminished cortical volume; and thin/dysplastic
corpus callosum. Ages were 4 years old (1-1, 1-2), 21 years old (7-9), 10 years old (8-10), 7 years old (8-11), 6 years old (8-12), and 1 year

old (12-16).

(B) Boxplot of six structural measures quantified from brain MRI volumes, represented as Z scores, in comparison to an age-matched

control cohort of typically developing children.

2 and individual 9 from family 7) in comparison to passage
and age-matched controls by using the Seahorse XF96
assay. These assays indicated no impairment of OXPHOS
in affected fibroblasts (Figure 54), suggesting that despite
the degree of clinical overlap seen in affected individuals,
the two proteins may have divergent functions. Indeed, a
mitochondrial localization for SPATASL1 is not predicted
via MitoMiner'* and it is absent from the MitoCarta3.0 hu-
man and mouse inventory.'* However, alterations to mito-
chondrial biogenesis remain possible, and we cannot
exclude disruption to mitochondrial morphology and dy-
namics (as observed in SPATAS-deficient neurons).”

Next, we turned to an unbiased transcriptome approach
totry todistinguish SPATASL1 fibroblast cell lines from con-
trols. The analysis was performed in the same affected (plus
1-1 and 4-6, i.e., individual 1 from family 1 and individual 6
from family 4) cell lines utilized for the Seahorse study and
in passage and age-matched controls. Principal-component
analysis from RNA sequencing (RNA-seq) data indicated
that individuals harboring bi-allelic SPATASL1 variants
could be distinguished from controls on the basis of their
differentially expressed genes (Figure 5A). This provided
proof of principle data supporting the p.Ala41Pro,
p.Val245Glu, p.lle435fs, p.lled66Met, and p.Ala519Asn
variants as bona fide disease-associated variants. These find-
ings allowed us to pool these data for subsequent analyses.
Significantly upregulated networks were not identified.
However, several significantly downregulated genes were
identified (Figures 5B and 5C). These genes converged on
several hubs (Figures 5D-5F), pointing to a role for SPA-
TAS5L1 in mitosis (mitotic nuclear division, sister chromatid

segregation, mitotic spindle organization, kinetochores)
and DNA replication (DNA conformation change, single-
stranded DNA binding, DNA helicase activity). Adhesion re-
ceptors, which connect cell-substrate junctions (Figure 5E)
and include fibronectin-binding (Figure 5F) integrins (i.e.,
ITGAS; Figure 5B), cadherins (Figure 5F), and immunoglob-
ulin superfamily members (i.e., LICAM; Figure 5B), were
significantly downregulated. Members of the AAA+
ATPases protein superfamily have known roles in mitosis,
DNA replication, metabolism, and repair processes.'” For
example, cytoplasmic dynein plays a role in mammalian
mitotic spindle formation,'° while WRNIP1 protects stalled
replication forks from degradation.'” Qur transcriptome
analyses posit a potential role for SPATASL] in mitosis and
DNA replication, however additional studies are required
for assessment of this possibility.

Our clinical, radiologic, genomic, and transcriptomic
evidence support the existence of a mixed neurodevelop-
mental syndrome with hearing loss due to bi-allelic vari-
ants in SPATASLI1. The pathogenicity of the variants we
identified is supported by their rarity (many private vari-
ants), predicted deleteriousness by multiple algorithms,
consistent phenotype in affected individuals, and RNA-
seq validation of several variants. Although we did identify
individual loss-of-function (premature stop, frameshift,
start-loss, stop-loss, or canonical splice site) alleles, we
did not identify bi-allelic loss-of-function variants, suggest-
ing that perhaps human knockout genotypes might show
reduced viability. We were not able to clearly identify any
firm genotype-phenotype correlations. Our morphologic
neuroimaging analyses revealed thin corpus callosum,
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Figure 3. Distribution and predicted structural effects of SPATASLT variants

(A) Alternative splicing leads to two distinct SPATASLI transcripts (top), resulting in a full-length and short isoform (bottom). The variant
numbering is based on the full-length transcript and isoform, GenBank: NM_024063.3 and GenBank: NP_076968.2. Non-coding and
coding regions of exons are denoted by flat-edged and pointed-edged rectangles, respectively.

(B) Structural effects of a subset of variants identified in this study were evaluated with a three-dimensional model of SPATASL1 based on
the structure of the homologous ATPase p97 (PDB: SFTN). The SPATASL1 structure is shown in ribbon presentation, depicting the N-ter-
minal domain (green) and two conserved ATPase domains (AAA, blue and cyan). ATP ligands are shown in stick presentation. Altered
residues are highlighted as balls and labeled. Red and orange balls indicate variants that were classified as deleterious by two or one
methods, respectively. Yellow balls indicate variants that were predicted to have little effect on protein structure. The variants depicted

in more detail in Figure 53 are labeled in bold letters.

diminished cortical volume, open opercula, and anterior
temporal hypoplasia in several individuals, while quantita-
tive morphometry indicated that white matter volume was
significantly diminished in multiple members of the
cohort. When observed, microcephaly correlated with
reduced white matter volume (as observed in affected indi-
viduals 10-2, 12-1, 13-1).

Although SPATASLI is an orphan gene, our transcrip-
tomic studies provide some clues as to its function. Adhe-
sion receptors collectively play a major role in the control
of cell-extracellular matrix (fibronectin-integrin and
immunoglobulin superfamily members) and cell-cell inter-
actions (cadherin family members). These interactions in
turn integrate cell growth/migration and proliferation on
the basis of environmental cues such as contact inhibition.
Fibronectin-integrin binding is known to be mediated
through focal adhesions, intracellular cytoskeleton/
signaling hubs that transmit extracellular cues through
phosphorylation events (i.e., protein serine-threonine ki-
nase activator activity) and ultimately control DNA replica-

tion and mitosis. Although neuroimaging in our affected
individuals did not indicate malformations of cortical
development that would suggest abnormalities of
neuronal migration, the diminished cortical volumes and
microcephaly seen may reflect impairment of neuronal
cell division during brain development.

In conclusion, we present evidence that rare coding var-
iants and loss-of-function alleles in SPATASL1 lead to hear-
ing loss and a mixed neurodevelopmental disorder that
features microcephaly, global developmental delay/intel-
lectual disability, spastic-dystonic cerebral palsy (some
children presented with hypotonia), and focal or general-
ized epilepsy. Although our studies support a role for SPA-
TASL1 in DNA replication, further experimental studies
will be required to support or refute this hypothesis.

Data and code availability

Variants identified in this study have been submitted to ClinVar
{accession numbers pending). Original data are available from
the authors upon reasonable request.
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Figure 5. Analysis of gene expression patterns in SPATASLT fibroblasts by RNA-seq reveals differential expression of DNA replication
and mitosis-related genes

(A) Principal-component analysis plot shows a differential clustering of SPATASL1 samples (n = 4) from control samples (n = 4).

(B) Transcriptomic heatmap of the top 20 differentially expressed genes (top ten with fold change > 1.5 and p < 0.05 and bottom 10 with
told change < 0.5 and p < 0.05). Red/yellow colors represent highly expressed genes and blue colors represent under-expressed genes for
these 20 genes in the respective case and control samples. The legend corresponds to expression values.

(C) Volcano plot highlighting genes with large fold changes that are either significantly upregulated or downregulated between SPA-
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Abstract

and provides an overview about allelic COL9A3 disorders.

Background: Stickler syndrome (STL) is a rare, clinically and molecularly heterogeneous connective tissue disorder.
Pathogenic variants occurring in a variety of genes cause STL, mainly inherited in an autosomal dominant fashion.
Autosomal recessive STL is ultra-rare with only four families with biallelic COL9A3 variants reported to date.

Results: Here, we report three unrelated families clinically diagnosed with STL carrying different novel biallelic loss of
function variants in COL9A3. Further, we have collected COL3A3 genotype-phenatype associations from the literature.

Conclusion: Our report substantially expands the molecular genetics and clinical basis of autosomal recessive STL

Keywords: Autosomal recessive Stickler syndrome, COL9A3, Callagen, Hearing loss, Retinal detachment

Background
Stickler syndrome (STL) is a rare, clinically and
genetically heterogeneous connective tissue disor-

der divided into six clinical subtypes with overlapping
features, including ocular pathologies (myopia, reti-
nal detachment, vitreoretinal degeneration, cataract),
hearing impairment (sensorineural, mixed, and/or con-
ductive), craniofacial abnormalities (midface hypoplasia,
anteverted nares, depressed nasal bridge and either
Pierre Robin sequence or cleft palate and micrognathia)
and joint problems (mild spondyloepiphyseal dysplasia,
and precocious osteoarthritis) [1]. These features exhibit
substantial variable expressivity according to clinical sub-
type [1]. STL is molecularly diagnosed by the presence
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Medicine, University Hospital Freiburg, Freiburg University Faculty
of Medicine, Mathildenstrasse 1, 73108 Freiburg, Germany

Full list of author information s available at the end of the article

B BMC

of pathogenic variants in six collagen-type genes includ-
ing COL2A1, COL11AI, COLI1A2, COL9AI, COL9A2,
COL943, and two non-collagen genes consisting of LRP2
and LOXL3 [1-3], following a predominantly autosomal
dominant inheritance pattern.

The heteropolymer collagen XI/IX/II are critical in the
extracellular matrix of joints, bones, ligaments and con-
nective tissues throughout the body [4]. COL2A 1 encodes
collagen type II alpha 1 chain. Heterozygous variants
that cause functional haploinsufficiency are responsible
for autosomal dominant STL type I (OMIM #108300),
representing the most common subtype, accounting
for roughly 80-90% of STL [5, 6]. Pathogenic variants
in COLI11AI cause the second most common STL sub-
type, type II (OMIM #604841) (10-20%). Variants in this
gene likewise typically follow a dominant inheritance
pattern [7], although five families have been described
with STL and biallelic COL1IAI mutations [8-10].
COLI11A2 pathogenic variants are very rare and cause
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autosomal dominant non-ocular Stickler syndrome (type
I1I, OMIM#184840), also known as otospondylomegae-
piphyseal dysplasia (OSMEDA, OMIM# 120290), as well
as Weissenbacher-Zweymuller syndrome (WZS) (OMIM
#184840) [11]. Biallelic variants in LOXL3, a member of
the lysyl oxidase family of genes, have recently been caus-
ally associated with STL in two unrelated families [2, 12].
A biallelic missense variant in LRP2 has likewise been
suggested to cause STL [3].

Collagen IX proteins are encoded by COL9A1, COL9A2
and COL9A3 that together form fibril heterotrimer asso-
ciated collagens and have been recently linked to auto-
somal recessive STL [13]. Very recently, heterozygous
COL9A3 variants have been identified as causing periph-
eral vitreoretinal degeneration and retinal detachment
[14]. COL9AI and COL9A2 are causally associated with
autosomal recessive STL type IV (OMIM #614134) and
V (OMIM #61484), respectively. The main clinical char-
acteristics of individuals affected with biallelic COL9A 1
variants include moderate-to-severe sensorineural hear-
ing loss, moderate-to-high myopia with vitreoretinopa-
thy, and epiphyseal dysplasia, whereas COL9A2 variants
are associated with high myopia, vitreoretinal degen-
eration, retinal detachment, hearing loss, and short stat-
ure. Only very recently, biallelic mutations in COL9A3
have been described to cause autosomal recessive STL
in four unrelated families with seven patients. The main

phenotypes that are common in all these patients con-
sisted of high myopia, moderate to severe sensorineural
hearing loss, and spondylo/epiphyseal dysplasia. Here,
we report three additional unrelated consanguineous
STL families with five affected individuals in total who
each present three novel biallelic COL9A3 variants.

Results

Clinical assessments

Three unrelated consanguineous families of Iranian
descent were referred for genetic testing due to hearing
and vision impairment (Fig. 1), as well as skeletal dyspla-
sia that resulted in a clinical diagnosis of STL (Fig. 2).

The female proband (111) from Family 1 is the old-
est and only affected individual out of three children
from first cousin parents. She had a normal delivery
and birth, with a birth weight of 3.2 kg (—0.43 SD).
She was 28 years old at last examination with a weight
of 64 kg (+0.41 SD), height of 157 cm (— 0.8 SD) and
occipitofrontal circumference (OFC) of 55 cm (+0.62
SD). She suffers from high myopia in both eyes, in addi-
tion to vitreoretinal degeneration with empty vitreous,
multiple lattice degenerations and retinal pigmentary
changes. There was unilateral absence of the frontal
sinus in her skull X-ray. She has severe and progressive
sensorineural hearing loss. X-ray and detailed examina-
tion of her joints and bones, including mobility testing
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ok,

but well developed capiti femori and no flattening of the acetabular roof

Fig. 2 Fictures of four affected individuals and standard radiographs of the spine, pelvis and limbs of two patients. A-D Pictures of two affected
individuals from family 2 who both have herniated cervical discs. E, F Pictures of affected individual 111 from family 3 showing short stature, pes
planus, bowed tibia, genu valga and rotated distal femura distal femur. G, H Clinical appearance of proband 111 from family 1 showing pes planus,
mild midface hypoplasia, upturned nose and low set ears. I, J Hand and foot radiographs showing short metacarpalia and a broad big toe for
individual 11 from family 3 at the age of 10 years. K, L Radiograph images of the right hand and wrist joint of individual 11 from family 1 at the

age of 28 years, showing short metacarpalia with widened epiphyses and an irregular radius epiphysis. M, N Radiographs of the spine of Il from
family 1, showing mild platyspondyly of the thoracic spine as well as signs of ankylosing spondylitis. © Knee radiograph of proband 111 from family
3 showing genua valga and irregular fernur epiphyses. P Knee radiograph of proband I11 from family 1 demonstrating genua valga and widened
femur epiphyses. Q Pelvis radiograph individual 11 of from family 3 showing a flat acetabular roof with irregularities and flattened capiti femori, as
well as broadened and shortened necks. R Radiograph of the pelvis of individual 11 from family 1 showing a relatively narrow intraarticular space

1

and examination for signs of osteoarthritis were nor-
mal, however she complained of pain in her knee joints.
Typical STL craniofacial features such as midface
hypoplasia, cleft palate, micrognathia, depressed nasal
bridge and anteverted nares are absent.

Family 2 presented with two affected individuals out
of four children who were born from a first cousin mar-
riage. The proband (II1) and his affected sibling (II2)
both had a normal delivery around term, measurements
at birth could not be obtained. Weight, height and OFC
at last clinical assessment (at 65 and 57 years-old) were
68 kg (—0.16 SD) and 66 kg (—0.39 5D), 166 cm (— 1.4
SD) and 163 ¢m (— 1.8 SD), 56 cm (+0.62 SD) and 57 cm
(+1.32 SD), respectively. Both had a history of multiple
vitreoretinal surgeries due to recurrent rhegmatogenous
retinal detachments resulting from advanced vitreo-
retinal degeneration. Despite vitreoretinal surgeries, the
older patient is considered blind without light perception
(NLP) in either eye while his sibling has counting finger
vision for one eye while NLP was noted for the other eye.

Both suffer from severe and progressive sensorineural
hearing loss. Likewise, both show a herniated cervical
disc and muscular atrophy was noted in the older sibling.
No radiologic documentation was available for review.
Family 3 presented with two affected and two healthy
children from first cousin parents. Both affected indi-
viduals had normal delivery with a birth weight of 3.4 kg
(—0.26 SD) and 3.75 kg (+0.71 SD), length of 49 cm
(—0.6 SD) and 49.5 cm (0.1 SD), and OFC of 35 cm
(—0.40 SD) and 36 cm (+0.62 SD). The most current
weight, height and OFC measurements for the preband
(I11) at age 11.8 years and his sister (1I4) at age 3.1 years
are 32 kg (-1.43 SD), 137 c¢m (0.9 SD), and 53 cm (—0.53
SD) and 12 kg (—0.05 SD), 84 cm (— 0.6 SD), and 48 cm
(+0.39 SD), respectively. Both affected individuals have
myopia and congenital moderate to severe progressive
sensorineural hearing impairment. The affected male
complains of knee joint pain, especially when he runs.
X-ray and detailed examination demonstrated spondy-
loepiphyseal dysplasia in both children. Both individuals
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p.(Pro36Argfs*49) p.(Arg402¥) p.(Argd02*) ; p. p.(GIn393Cysfs*25)
Family 1 Family 2, Patient1 Family 2, Patient 2 (Leu1195erfs*10} (Leu1195erfs*10] Faletra etal.[15]
Family 3, Patient  Family3, Patient2 Patient 1
1
Ethnicity Iranian Iranian Iranian Iranian Iranian Moroccan
Cansanguinity First cousin First cousin First cousin First cousin First cousin First cousin
Sex Female Male Male Male Female Female
Age in years 28 65 a7 11 years, 8 months 3 years,1 month 4
Birth Uncomplicated Uncomplicated Uncomplicated Uncomplicated Uncomplicated NA
[normal delivery) [normal delivery) {normal delivery)
Measurements
OFC atlast exami-  55em (406250}  56cm (+0625D) 57cm(+1.3250) 53cm (—0535D) 48cmi4032SD) NA
nation
Weight at last 64 kg (4041 5D) 6Bkg (—0.1650) 66 kg (—0.3950) 32 kg (=143 8D) 12 kg (—0.05 50) 16 kg
evaluation
Height at last 157cm (—085D)  166cm(—1450) 163cm(—185D) 137 cm (0.9 5D) 84ecm(—0650) 107 cm
examination
Myopia Moderate-to-high  High High High High Moderate-to-high
Vitreoretinal degen- No Yes Yes Mo No No
eration
Cataract No Yes Yes No No NG
Retinal detachment  No es Yes No No No
Auditory system
Hearing loss Yes Yes Yes Yes Yes Yes
Age at onset A MA NA Early onset Early onset Early onset
Type Sensorineural Sensorineural Sensorineural Sensorineural Sensarineural Sensorineural
Degree of hearing  Severe Profound Profaund Moderate-to- Moderate-to- Moderate-to-severe
loss severe severe
Progressiverstable  Progressive Progressive Progressive Progressive Progressive Progressive
Joints
Short stature No No No No No Mo
Spondyloepiphy- No Mo No Yes Yes Mo
seal dysplasia
Epiphyseal dys- No Mo M Yes Yes Yes
plasia
Craniofacial structures
Midface hypoplasia No No No No Yes Yes
Cleft palate No Mo No No No No
p. p. p. p.{Arg471Ter) p.(Arg471Ter) p.(Arg90Ter) and
(GIn393Cysfs*25)  (GIn393Cysfs*25) (Pro218Alafs*49) Nixon etal.[13] Nixon etal. [13] p.(Arg577Ter)
Faletraetal.[15] Faletraetal.[15]  Hanson-Kahn Patient 1 Patient 2 Markova etal.[19]
Patient 2 Patient 3 etal.[16]
Ethnicity Moroccan Moroccan Indian NA NA Russian
Consanguinity First cousin First cousin Third cousin MNA NA No
Sex Male Male A MNA NA Male
Agein years 11 16 12 18 20
Birth A A, Uncomplicated MA, NA At term
(Caesarean section)
Measurements
OFC at last exami-  NA NA NA NA NA NA
nation
Weight at last 38 kg 60 kg NA NA NA 13 kg (50th %ile)

evaluation
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p. p- p- p-{Arg471Ter) p-(Arg471Ter) p-(Arg90Ter) and
(GIn393Cysfs*25)  (GIn393Cysfs*25) (Pro218Alafs*49) Nixonetal.[13] Nixon et al. [13] p-(Arg577Ter)
Faletraetal.[15] Faletraetal.[15] Hanson-Kahn Patient 1 Patient 2 Markova et al. [19]
Patient 2 Patient 3 etal. [16]

Height at last 144 cm 170 cm NA NA NA 88 cm (25-50th

examination %ile)

Myopia Moderate-to-high  Moderate-to-high  High High High High

Vitreoretinal degen- No No No No No Yes

eration

Cataract No MNo Mo No Mo No

Retinal detachment  No No No No Na Mo

Auditory system

Hearing loss Yes Yes Yes ‘fes Yes Yes

Age at anset NA NA Early onset MNA NA fes

Type Sensorineural Sensorineural Senscrineural Sensecrineural Sensorineural Senorineural

Degree of hearing  Moderate-to-severe  Moderate-to-severe  Moderate-to-severe  Severe Severe Severe

loss

Progressive/stable  Progressive Progressive Stable Progressive Progressive NA

Joinits

Short stature No MNo MNo Mo MNo No

Spondyloepiphy- Mo Mo Mo Mo Mo Yes

seal dysplasia

Epiphyseal dys- Yes Yes Yes MA NA Yes

plasia

Craniofacial structures

Midface hypoplasia  Yes Yes ‘fes No No Yes

Cleft palate No No No No No Na

NA not ascertained, OFC occipitofrontal circumference, 5D standard deviation

II1 and 114 have pes planus, depressed nasal bridge
and anteverted nares, with midface hypoplasia and
downslanting palpebral fissures more pronounced in II4.
Detailed clinical features of all affected individuals are
described in Table 1 and Additional file 1: Table 51. None
of the individuals showed signs of intellectual disability.

Genetic analysis

The DNA of probands from the three unrelated fami-
lies (family 1 Proband 111, family 2 proband II1, fam-
ily 3 proband II1) was subjected to Exome Sequencing
(ES), revealing three different novel, homozygous loss of
function (LOF) variants in COL9A3, NM_001853.3. The
proband in Family 1 was found to have a COL9A3 dele-
tion (c.107_116del, p.(Pro36Argfs*49), rs1470627424),
causing a frameshift in exon 2. The allele frequency in
gnomAD is 0.00001390 with two carriers, while other
public genomic databases such as Iranome and GME,
and 1000 genomes have not reported this variant. The
proband in family 2 disclosed a COL9A3 nonsense vari-
ant (c.1204C>T, p.(Arg402*), rs989413835) in exon 23,
while the proband in Family 3 showed a one base pair
deletion in COL9A3 [c.355delC, p.(Leull9Serfs*9)] in

exon 7. Both variants have not been reported in public
databases.

Discussion

Here, we report three families with five affected individu-
als clinically diagnosed with autosomal recessive STL
due to biallelic LOF variants in COL9A3. Our report re-
affirms previous studies that have described four fami-
lies with biallelic LOF causing autosomal recessive STL,
increasing the total number of families reported to date
to seven [13, 15, 16]. These COL9A3 variants as well a
other disease causing COL9A3 variants submitted to
HGMD are visualized in Fig. 3 for localization on cDNA
as well as on protein level.

COL9A3, along with two other heterodimers (COL9A1
and COL9A2), belongs to the collagen IX complex, form-
ing a fibril-associated collagen with interrupted triple
(FACIT) helices and connecting with collagen II and X1
fibrils. A Col9al knockout mouse study previously dem-
onstrated that absence of this protein in mice results in
the loss of the entire collagen IX heterotrimer complex
[17]. Recent reports on the clinical phenotype of STL and
MED syndromes that are caused by variants affecting
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c.148-2A>T

c.148-2A>G

.148-1G>A
[ c.107_t16del |
| c1046>A
| corcst |

1

| ¢.650dup C i

| c.543_551del |
|| c388G>A
| c.355deiC |

c.971A>T

c. 1107 +1G>C I
¢.1176_1198del

c. 1411C>T

c.1649C>T
c.1851C>A

c.183+5G>A

[ c.1204C5T |

c.1361G>A | | c.17200>T |

| c.268C>T
€.369+2T>C
¢.369+8C>G

p.(Pro33Ser)

[ (p.Argo0Ter) |

p.(Gly130Ser)

| cA277T>C

‘ p.(Pro550Leu)

p.(Asn324lle) | (p.Arg577Ter)

| p.(Pro185_Gly187de) |

p.(Asp617Glu) |

| p.(GIn393Cysts*25) |

NC4 [ NC3

NC1

| p.(Leut19Serfs*10) | | p.(Gly217Trpfs*50) |

| plarga7ty) |

p.(Gly35Asp) |

p.(Pro36Argfs*49)

variants on protein level

Fig. 3 Overview of known and novel variants in COL9A3 at the cDNA and protein levels, All variants have been reparted by HGMD Professional
2020.7.and classified as pathogenic in ClinVar or are reported but have not yet been classified in ClinVar, The black words indicate heterozygous
wvariants, the blue words show homozygous variants and the green words show the heterozygous compound variants, A Variants on cDNA level; B

[ p.(Gly454Glu)

p.(Val426Ala) |

p.(Arg402*)

different members of collagen IX have supported the
hypothesis that each of the three proteins is essential for
collagen IX function [13, 18].

While a variety of disorders have been described
to result from heterozygous pathogenic variants in
COL9A3, only four unrelated STL families and one fam-
ily with nonsyndromic hearing loss have been reported to
date carrying biallelic variants (Table 2). Allelic disorders
resulting from COL9A3 variants include nonsyndromic
hearing loss, MED, pseudoachondroplasia, cerebral palsy,
and lumbar disc disease and severe peripheral vitreoreti-
nal degeneration and retinal detachment (Table 2).

Consistent clinical features among STL patients with
biallelic COL9A3 LOF alleles comprise moderate-to-
profound progressive sensorineural hearing loss and
moderate high myopia with vitreoretinal degeneration.
Retinal detachment and cataract occur occasionally. In

contrast, skeletal involvement seems to be more variable.
For instance, Nixon et al. [13] reported a family with two
affected siblings where the oldest affected sibling had
severe arthropathy in the shoulders and hip, requiring a
wheelchair. The X-ray of this patient showed spinal sco-
liosis and narrowing of the articular space in both knees,
while the younger affected sibling did not show any of
these signs. In line with this report, we also observed
that the affected individuals in family 2, at the ages of 65
and 57 years-old, suffer only from myopia, hearing loss
and each have a herniated cervical disc while the two
much younger affected individuals in family 3, at ages 3
and 11 years-old, have more prominent skeletal findings
that include radiological signs of spondyloepiphyseal
dysplasia as well as craniofacial abnormalities including
depressed nasal bridge and anteverted nares (Table 1).
Moreover, Nixon et al. [13] observed that carrier parents
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Table 2 Pathogenic COLZA3 variants reported in HGMD and assaciated clinical phenctypes
c.DNA position  Protein position  Exon/intron  Description Zygosity  dbSNP ClinVar Reported References
phenotype
- - 99 bp duplication  Het MNA A Sensorineural Ji (2074) BMC Ear
{CNY) hearing loss Nose Throat Disord
149
CRTC>T p{Pro33Ser) 2 Missense Het 15745914662 NA Cerebral palsy Pingel (2019) Am J
Med Genet B Neu-
ropsychiatr Genet
180,12
C104G=A pdGly35Asp) 2 Missense Het 151390736361 NA Multiple epiphy- Jeong (2014) BMC
seal dysplasia Musculoskelet
Disord 15,371
C148-1G= A p? 2 Splicing Het rs606231367  NA Multiple epiphy- Lohiniva (2000) Am J
seal dysplasia Med Genet 90,216
C148-2A>G pl 2 Splicing Het A NA Multiple epiphy- Jacksan (2012) Hum
seal dysplasia Mutat 33,144
C148-2A>T pl 2 Splicing Het NA P Multiple epiphy- Paassilta (1999) Am J
seal dysplasia Hum Genet 64,1036
1834+ 5G>A pl 3 Splicing Het A p Multiple epiphy- Makashima (2005}
seal dysplasia Am 1 Med Genet
1324181
c268C>T pAArg90Ter) 5 Monsense Comphet rs763259234  NA Stickler syndrome  Markowa (2021) Mal
Genet Genomic Med
3694+ 2T>C pl 7 Splicing Het rs1057518693 P Multiple epiphy- Posey (2017) N Engl J
seal dysplasia Med 376,21
C369+8C>0 Bl v Splicing Het A A, Multiple epiphy- Lord (2019) Genome
seal dysplasia Res 29,159
C388G>A pAGly1305er) 8 Missense Het rs139401633  WUS Severe periph- M. Nash (2021)
eral vitreoretinal European Journal of
degeneration and  Human Genetics
retinal detachment
C.543_551del piPro185_ 11 In frame Hom rs765392378  NA Nonsyndromic Asamura {2005) Auris
Gly187dely hearing loss Nasus Larynx 32,113
€.650dup C pAGly217Trpf- 13 Frameshift Hom A NA Stickler syndrome  Hanson-Kahn (2018}
sterS0} Am ) Med Genet A
176,2887
CO71A>T piAsn324le) 19 Missense Het MNA A Pseudoachondro-  Jung (2010] Int J Mol
plasia Med 26,885
c07+1G>C p? 21 Splicing Het Severe periph- M. Nash (2021)
eral vitreoretinal European Joumal of
degeneration and  Human Genetics
retinal detachment
c.1176_1198del p 23 Frameshift Hom rsh06231470 VuS Stickler syndrome  Faletra (2014) Am J
(GIN393Cyster*25) Med Genet A 164,42
27T =4 pAVald20Ala) 24 Missense Het NA A, Pseudoachondro-  Jung {2010) Int J Mol
plasia Med 26,885
cl1361G>A pAGly454GIu) 26 Missense Het A A Nonsyndromic Miyagawa (2013}
hearing loss PLoS One 8271381
CICT piArg471ten 28 Monsense Hom rs747896279 P Stickler syndrome  Nixon (2019) Am
JMed Genet A
179,1498
c1649C =T p{Pro550Leu) 30 Missense Het r$535230112 NA, Nonsyndramic Miyagawa (2013)
hearing loss PLaS One 8, 871381
C1729C5T (pArg577Ter) 30 Monsense Comp het  rs1201247953  NA Stickler syndrome  Markowa (2021) Mal
Genet Genomic Med
cI851C>A p{Asp617Glu) 31 Missense Het 15199577452 NA Nonsyndromic Asamura N Auris

hearing loss

Masus Larynx 32,113

All variants are reported using the NM_001853.3 transcript
Comp het compound heterozygous, Het heterozygous, Hom homozygous, P pathogenic, VUS variant of uncertain significance, NA not ascertained
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can manifest mild STL phenotypes, while our report and
others [15, 16, 19] have not observed mild phenotypes
in heterozygous individuals. Besides Nixon's report,
Markova et al. [19] introduced a more severe case with
compound heterozygous variants with vitreoretinal
degeneration, early onset osteoarthritis, midface hypo-
plasia, hip dysplasia, speech developmental delay, spina
bifida, kyphosis, and eye pigment rearrangement.

Conclusion

In summary, our report consolidates that homozygous
loss of function variants in COL9A3 cause STL (type VI).
We find high myopia and moderate-severe hearing loss
to be consistent features amongst all cases while skeletal
findings seem more variable,

Material and methods

Subjects

Three unrelated Iranian families with syndromic phe-
notypes including hearing loss, vision impairment and
skeletal dysplasia were referred for clinical genetic diag-
nostics. Blood samples were collected after obtaining
informed consent from patients or their parents. Molecu-
lar genetic diagnostic testing was performed in Nijmegen
via the Radboud innovative diagnostics programme
and at the University of Tuebingen (197/2019BO01).
Informed consent from the parents or legal guardians of
the patients/participants was obtained for the publica-
tion of their data.

Exome and Sanger sequencing

After extraction of DNAs from whole blood by stand-
ard protocol, proband DNA samples were subjected to
exome capture using the Agilent SureSelect Human All
Exon V6 Kit and exome sequencing (ES) was performed
on an Illumina HiSeq 2500 sequencer for an average
50 x sequencing depth, resulting in sequences of greater
than 100 bases from each end of the fragments [Cam-
bridge (Novogene UK)]. Exome data were processed
for analysis using a GATK-based pipeline [20] that uses
Burrows-Wheeler alignment [21] to the GRCh37/UCSC
hgl9 (Families 1 and 2) and GRCh38/UCSC hg38 (Fam-
ily 3). VarScan version 2.2.5, MuTec and GATK Somatic
Indel Detector were used to detect SNV and InDels,
respectively. The protocol to interpret potential patho-
genic variants was previously described [22]. For popu-
lation-specific filtering, gnomAD [23], Iranome [24] and
Greater Middle East (GME) Variome Project [25] data-
bases were used.

Page 8 of 9

Segregation analysis using Sanger sequencing was per-
formed in available family members to confirm variant
segregation after PCR amplification. Primers are avail-
able upon request.

Web resources
ClinVar, https://www.ncbi.nlm.nih.gov/clinvar/.

Exome Aggregation Consortium (ExAC), http://exac.
broadinstitute.org.

Genome Aggregation Database (gnomAD), http://gno-
mad.broadinstitute.org/.

Abbreviations

DNA: Deaxyribonucleic acid; ES: Exome sequencing; FACIT: Fibril-associated
collagen with interrupted triple helicies; GATK: Genorme Analysis Toalkit; GME:
Greater Middle East; LOF: Loss of function; MED: Multiple Epiphyseal Dysplasia;
OFC: Occipitofrontal circurnference; PCR: Polymerase Chain Reaction; SD:
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Genetic heterogeneity makes it difficult to identify the causal genes for hearing
loss. Studies from previous decades have mapped numercus genetic loci,
providing critical supporting evidence for gene discovery studies. Despite
widespread sequencing accessibility, many historically mapped loci remain
without a causal gene. The DFNA33 locus was mapped in 2009 and
coincidentally contains ATP1IA, a gene recently associated with autosomal
dominant hearing loss and auditory neuropathy type 2. In a rare opportunity,
we genome-sequenced a member of the original family to determine whether the
DFNA33 locus may also be assigned to ATPIIA. We identified a deep intronic
variant in ATPI1IA that showed evidence of functionally normal splicing.
Furthermore, we re-assessed haplotypes from the originally published
DFNA33 family and identified two double recombination events and one triple
recombination event in the pedigree, a highly unlikely occurrence, especially at
this scale. This brief research report also serves as a call to the community to revisit
families who have previously been involved in gene mapping studies, provide
closure, and resolve these historical loci.

KEYWORDS

ATP11A, DFNA33, genome sequencing, haplotype analysis, hereditary hearing loss,
unresolved deafness loci

1 Introduction

Meiotic recombination (also called crossing over) underlies genomic diversity and
maintains fidelity during chromosome segregation. Although each chromosome
generally presents at least one crossover (Sun et al., 2005), the recombination rate is not
fixed but rather influenced by intrinsic (for example, genetic background (Kochler et al.,
2002)) and extrinsic (such as age and environment (Williamson et al,, 1970; Rose and Baillie,
1979; Tanzi et al.,, 1992)) factors and has a non-uniform distribution, with evidence of
recombination “hot” and “cold spots” (Kong et al., 2002). Furthermore, the recombination
rate and chromosome size are strongly correlated, with smaller chromosomes having higher
recombination rates (Sun et al., 2005; Farré et al.,, 2013). Recombination frequencies are a
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measure of the genetic linkage and are essential for constructing
linkage maps. Genes that are closer together have a greater chance of
being inherited together due to a lower likelihood of undergoing
fewer recombination events. Double crossovers are regarded as rare
events, with the vast majority of double recombinations being the
result of genotyping errors (Housworth and Stahl, 2003).

By definition, linkage is an occurrence in which adjacent genes
tend to be inherited together (Wang et al,, 2017). Linkage analysis
requires genome-wide genotyping of families and is used to
investigate how traits are segregated. Specifically, it can estimate
whether phenotypes have a tendency to be inherited together,
indicating the closeness of genes responsible for those traits in
the genome. Linkage analysis of families segregating a Mendelian
condition, such as autosomal dominant hearing impairment, aims to
uncover few statistically significant linkage intervals, significantly
reducing the number of candidate regions that are investigated in
targeted sequencing. These studies have proven enormously
successful for gene identification and have been re-defined and
transformed in several ways, following the widespread emergence
high-throughput
technologies (Teare and Santibafiez Koref, 2014; Bamshad et al,
2019).

Hereditary hearing impairment is among the most genetically
heterogeneous disorders observed in humans, making gene mapping
and identification a comparatively enormous task (Wright et al,
2018). Family participation has been paramount to advancing the
field. These families have been valuable for historical gene mapping

and application of disruptive sequencing

efforts, following the uninformative screening of select known
The Hereditary (https://
hereditaryhearingloss.org/) has diligently documented mapped
loci and regularly updates content with new genes as they are
discovered. Despite the advent of widely accessible sequencing
technologies, many of these families have been lost to follow up
for a variety of reasons. As a result, it is a reasonable assumption that
many of these loci will remain without a causal gene assigned.
Furthermore, in spite of the success of mapping deafness loci and
cost-effective genome sequencing technologies, the identification of
causal genes is not always straightforward, even in families that are
large and, therefore, informative by providing more information
about meiotic recombination events. This is additionally reflected in
the large number of families who have participated in historical

genes. Hearing Loss Homepage

linkage studies but remain without a causal gene identified. At least
20 autosomal dominant (DFNA) loci have been mapped (Hereditary
Hearing Loss Homepage) that remain without a causal gene
assigned. The majority of them were mapped before the
widespread use of high-throughput sequencing. There are also
several examples of independent investigators discovering the
same gene under a pre-assigned DEN locus. For example, the
DFNA20 and DFNA26 loci merged as DFNA20/26 when two
teams discovered ACTGI as a gene responsible for autosomal
dominant hearing loss for these asynchronously mapped loci
(van Wijk et al., 2003; Zhu et al,, 2003). Among the remaining
loci with an unknown causal gene is DFNA33 that was published in
2009 through the ascertainment of a large, multi-generational
German family, segregating progressive
syndromic hearing loss with a variable post-lingual onset
(Bonsch et al, 2009). This brief research report describes follow-
up genome sequencing analysis in light of the recent discovery of

sensorineural non-
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ATPI1A, a gene that is responsible for autosomal dominant non-
syndromic hearing loss (DFNA8B4) (Pater et al., 2022) and auditory
neuropathy (AUNA2) (Chepurwar et al, 2022), which
coincidentally also overlaps with the DFNA33 genomic
coordinates at chrl3q34.

2 Methods
2.1 Participant recruitment and audiometry

Through extensive re-recruitment efforts, an affected individual
from the originally published DFNA33 family (Bonsch et al., 2009)
was re-ascertained as part of a large diverse-population rare disease
study (ethics commission approval number 197/2019B01). The
pedigree was re-evaluated and re-drawn.

The affected individual underwent a complete ear, nose, and
throat examination that included binocular ear microscopy and
external ear inspection. Pure-tone audiometry was performed
according to current standards to determine hearing thresholds
at routinely measured frequencies (0.25, 0.5, 1, 2, 4, 6, and 8 kHz).
Both air and bone conduction thresholds were measured.
Tympanometry was performed to measure tympanic membrane
compliance and middle ear pressure.

2.2 Whole-genome sequencing,
bioinformatics filtering, and variant
classification

Whole genome sequencing was performed on genomic DNA
extracted from peripheral blood using standard protocols, as
previously described (Weisschuh et al, 2020). The sequencing
library was prepared with the TruSeq DNA PCR-free protocol
(IMumina, San Diego, USA) for subsequent sequencing as 2 x
150 bp paired-end reads on a NovaSeq 6000 platform (Iumina,
San Diego, USA). Bioinformatic processing of raw read data,
annotation, and variant calling was performed using the megSAP
pipeline (https://github.com/imgag/megSAP) developed at the
Institute of Medical Genetics and Applied Genomics, University
Hospital Tiibingen, Germany, and includes an in-house genome
database called the NGS Database (NGSD), which consists data on
more than 3,000 individuals to ascertain sequencing artifacts and
variant frequencies. Visualization was performed using the
Integrative Genomics Viewer.

Bioinformatics filters were used to support the analysis of
variants, following autosomal dominant and recessive modes of
inheritance, as described previously (Falb et al,, 2023). This included
analysis of sequence variants and copy number variations in
298 known hearing loss-associated genes (Supplementary Table
S1). Allele-based filters selecting variants with an allele frequency
(including sub-populations) = 1%, variants present in =20 other
individuals in NGSD, and those previously annotated as pathogenic/
likely pathogenic in HGMD and ClinVar yielded a short list of
heterozygous variants in these hearing loss-associated genes. Minor
allele frequencies were derived from gnomAD, 1000 Genomes
Project, ExAC, dbSNP, and NGSD. The Alamut Visual
(Interactive Biosoftware, SOPHiA GENETICS, Rouen, France)
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FIGURE 1

Updated pedigree and clinical information from the individual whose genome was subjected to seguencing. (A). Updated pedigree with an emphasis

on the third generation. The individual who was sequenced is marked with a black arrow. Individuals who were notincluded in the Bénsch et al. (2009)
publication are marked with an asterisk to the upper right of each pedigree symbol. Those included in the original pedigree are noted with their
designated number from Bonsch et al. (2009). Haplotypes originally described in Bonsch et al. (2009) are included with the double and triple
recombination events marked with red arrows. It should be noted that individual 407 was origina edasa e individual in the original pe
Upon re-review, an error was identified, and this has been updated and corrected as a fernale individual. (B). Pure-tone audiograms from the individual
who was subjected to genome sequencing. Pure-tone audiogram from the right (left] and left (right) ears at the age of 66,5 years, Air conduction
thresholds in the dB hearing level for the right and left ears are represented with circles and crosses, respectively. Bone conduction measurements are
available for the right ear and shown by >
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splice  window that includes splice predictions from
SpliceSiteFinder-like, MaxEntScan, NNSPLICE, GeneSplicer, and
ESEfinder, as well as RESCUE-ESE predictors, was used to assess the
effect of variants on splicing,

Variant classification applied the American College of Medical
Genetics and Genomics (ACMG) guidelines that are adapted for
hereditary hearing loss (Oza et al, 2018) and referenced the
Database (Azaiez et al, 2018). The
classification was assisted through the use of the public version

Deafness Variation

of Varsome (Kopanos et al, 2019).

2.3 In vitro splicing analysis

A region spanning ATP11A exons 8 to 10 was PCR-amplified from
the genomic DNA of the patient and a healthy control using gene-
specific primers with a Xhol restriction site (ATP11A Ex8-10 forward:
5'-aattctegag AAAATCACCGAAGCCATGAG-3') and a  BamHI
restriction site (ATPIIA Ex8-10 reverse: 5 -attggatcc ATGGTGAGA
GGAGCTGTTGG-3'). The 5014-bp amplicon was ligated into a
multiple cloning site between native exons A and B in a linearized
pSPL3 exon-trapping vector. The vector was transformed into DH5a
competent cells (NEB 5-alpha, New England Biolabs) and plated
overnight. The wild-type and mutant-containing vector sequences
were confirmed by Sanger sequencing and transfected into HEK
293T cells using the FuGENE Transfection Reagent (Promega).
Total RNA was prepared from 24-h post-transfected cells using an
miRNeasy Mini Kit (QIAGEN), and reverse transcription was carried
out using a High-Capacity RNA-to-cDNA Kit (Applied Biosystems).
Amplified fragments were visualized on 1.5% agarose gel and,
subsequently, Sanger sequenced.

3 Results
3.1 Audiological characterization

The affected individual, who was not in the original
DFENA33 report, is a direct descendent of a hearing-impaired
father who had four affected siblings, three of whom were
previously described (Bonsch et al, 2009) (Figure 1A). The
individual reported progressive, high-frequency sensorineural
hearing impairment without subjective vertigo and tinnitus. The
individual’s thresholds mirror the average thresholds of individuals
previously described in their family (Bonsch et al, 2009) up to
2 kHz, where the individual shows steeply increasing thresholds to
severe-to-profound hearing loss at 8 kHz in the left ear and no
thresholds at 6 and 8 kHz in the right ear. An audiogram at the age of
66.9 years is shown in Figure 1B. A tympanogram showed normal
bilateral results with regular tympanic membrane compliance. Upon
comparison of the audiogram with the hearing of men in the same
age group (ISO, 2017), the hearing thresholds at all measured
frequencies were found to be significantly lower than the
expected hearing threshold for this age group.
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3.2 Genome sequencing, bioinformatics
analysis, and the in vitro splicing assay of a
deep intronic variant

Whole-genome sequencing resulted in an average 51.7 x
coverage of the genome. An analysis of sequence variants and
copy number variations in 289 known hearing loss-associated
genes (Supplementary Table S1) excluded a putative pathogenic
genetic aberration. These variants, shown in Supplementary Table
52, were excluded based on criteria such as their presence in a
homozygous state in other presumably normal hearing individuals
in NGSD, low in silico pathogenicity prediction scores, no predicted
effect on splicing, or an obvious clinical mismatch.

Following the initial hypothesis that ATP11A may be the gene
for the DFNA33 locus and the growing clinical and functional
evidence asserting ATP11A is an essential protein for a normal
functioning auditory system, our analysis then focused on the
previously mapped DFNA33 locus coordinates (GRCh37:
110,300,001-115,169,878), as well as ATPIIA (Supplementary
Table 53), and uncovered variants that were either identified in
other in-house patients with presumed normal hearing or were
likely benign based on bioinformatics assessment. Only one deep
intronic variant in ATPIIA intron 8 (chrl3:113421269C>G
(GRCh37), ENST00000375630:¢.725 + 737C>T) was predicted
via in silico tools to activate exonic splice enhancers. This variant
was tested with an in vitro splicing assay using established protocols
(Rad et al,, 2021; Vona et al,, 2021) and yielded a functionally normal
result (Figure 2). Taken together, the variant is classified as likely
benign (PM2_Supporting, BP4_Supporting, and BS3_Strong;
—4 points (likely benign point range: —6 to —1)). On this basis,
we conclude that following short-read genome sequencing, a
method employed for the identification of the first described
ATP11A variant (Pater et al, 2022), we present evidence that
does not support ATPIIA as being the gene for the
DFNA33 locus and acknowledge that we have been extremely
fortunate to re-recruit an individual from the DFNA33 family.

3.3 Haplotype review

Upon close inspection, we noted that the haplotypes that were
used to define the DFNA33 boundaries of the disease interval in
the original Bonsch et al. paper show several unlikely events
(Bonsch et al,, 2009, shown in Figure 1A for clarity). These
include three recombination events in a small chromosomal
interval in individual 503 and two recombination events in a
relatively short interval in individuals 412 and 419. The fine
mapping and recapitulation of haplotypes seem improbable and
may be due to genotyping or other errors. Due to this
observation, the DFNA33 disease interval may be inaccurate.
Therefore, we performed genome-wide analysis of variants that
did not yield an obvious candidate and informative result for
follow-up and thus required additional family members in order
to significantly narrow variants.
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4 Discussion

Although a conventional understanding of recombination
rates approximates about one crossover per homologous pair of
chromosomes, it varies dramatically on a number of different
scales and shows non-uniform distribution. However, mapping
recombination patterns have uncovered chromosomal regions
enriched for hotspots that are separated from regions that do not
appear to recombine. The deCODE genetic map created
chromosomal genetic maps that also included sex-averaged
recombination rates (Kong et al., 2002). Analysis of the
chr13q34 region with these data does not suggest the
DFNA33 locus is a recombination hotspot (data not shown).

Closely adjacent double or triple recombination events
involving phasing errors are suggestive of genotyping errors
(Housworth and Stahl, 2003). Although crossing over may
appear random, it is tightly regulated and occurs at a low
frequency due to factors that prevent excessive recombination
and the disruption of favorable genetic combinations (Séguéla-
Arnaud et al., 2015). Although we should have noted the unlikely
double and triple recombination events in individuals 412, 419,
and 503 previously, performing genome sequencing and
functional analysis of a candidate splice variant was important
for excluding a newly associated disease gene in the previously
mapped significant interval.

With increased access to advanced sequencing technologies, the
continuous follow-up of undiagnosed families with historical
linkage is essential for the discernment of correct DFN-locus
assignment. Our study highlights the necessity and potential to
refine understanding of the number of total unresolved loci through
a simple review of historical loci for such unlikely events. A
problematic bottleneck will be re-contacting and re-establishing
contact with the original families as maintaining connections to
families over decades can be challenging. Considering the size of this
unresolved family, although unlikely, we cannot exclude multi-locus
heterogeneity or the presence of phenocopies. Furthermore, it was
unfortunate that we could not recruit the entire family for repeat
linkage analysis and genome sequencing of additional affected
individuals to increase the chances of uncovering the causal
genetic variant. The most convincing case for excluding
DENA33 altogether would be through the identification of a
causal variant, either within the DFNA33 locus or elsewhere in
the genome, which is a limiting factor of our work. Using a short-
read genome-sequencing approach, we cannot exclude epigenetic
modifications or short-inverted duplications. Nonetheless, re-
assessment of haplotypes combined with new genome sequencing
data can provide some value in better understanding unsolved
DENA loci.
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Abstract

MPDZ, a gene with diverse functions mediating cell-cell junction interactions, recep-
tor signaling, and binding multivalent scaffold proteins, is associated with a spectrum
of clinically heterogeneous phenotypes with biallelic perturbation. Despite its clinical
relevance, the mechanistic underpinnings of these variants remain elusive, underscor-
ing the need for extensive case series and functional investigations. In this study, we
conducted a systematic review of cases in the literature through two electronic data-
bases following the PRISMA guidelines. We selected nine studies, including
18 patients, with homozygous or compound heterozygous variants in MPDZ and
added five patients from four unrelated families with novel MPDZ variants. To evalu-
ate the role of Mpdz on hearing, we analyzed available auditory electrophysiology
data from a knockout murine model (Mpdze™1(MPCI/emIIMPCY) gaperated by the Inter-
national Mouse Phenotyping Consortium. Using exome and genome sequencing, we
identified three families with compound heterozygous variants, and one family with a
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1 | INTRODUCTION

MPDZ, also known as MUPP1 (OMIM: 603785), encodes the multiple
PDZ domain crumbs cell polarity complex component. This protein
stands as the largest among PDZ (PS5D95/DLG1/Z01) domain-
containing proteins, with 13 PDZ domains. Its initial discovery origi-
nated from interaction with the HTR2C serotonin receptor from a
yeast 2-hybrid screen using human fetal brain cDNA.*? PDZ domain
proteins represent a diverse and abundant family of interaction
domain scaffolding proteins, and they fulfill crucial roles across various
cellular contexts, orchestrating intricate networks of interactions. This
expansive network involves interactions with more than 15 proteins,
encompassing members of the tight junctions protein family, G
protein-coupled receptors (GPCRs), SynGAP, and CaMKIl at
synapses,®” as well as delta like protein 1 and 4 (DLL1/4) and
NECTINZ at epithelial apical junctions.®

The MPDZ gene-disease relationship with biallelic variants cur-
rently extends to congenital hydrocephalus type 2 with or without
brain or eye abnormalities (OMIM: 615219); however, the literature
presents a continuously evolving and complex phenotypic landscape.
Functional studies have contributed to our understanding of the phe-
notypic manifestations linked to MPDZ. For instance, Feldner et al.
used a mouse model (Mpdz ") revealing that Mpdz depletion impairs
multiple ependymal functions, potentially leading to perinatal-onset
hydrocephalus.® Yang et al. identified a crucial role of Mpdz in the cho-
roid plexus, where choroid plexus hyperpermeability, attributed to

" murine

Mpdz deficiency, precipitated hydrocephalus in a Mpdz
model.” Jarysta and Tarchini® uncovered a novel functional impor-
tance of MPDZ in cochlear hair cell development. Interestingly, MPDZ
expression was not localized to the apical cell junctions in the epithe-
lium but rather at the hair cell apical membrane. Mpdz mutants exhib-
ited misaligned stereacilia placement and dysmorphic hair bundles.®
Due to the manifold and expanding clinical and genetic data
described, we sought to address this complexity by presenting a case-
series comprising four unrelated families with biallelic MPDZ variants.
Additionally, we reviewed the existing literature to compile a detailed
report on the wide array of phenotypes associated with MPDZ vari-
ants. We also analyzed auditory phenotyping data from a murine

model. Our results reaffirm the role of MPDZ in hearing impairment

homozygous frameshift variant. MPDZ-related disease is clinically heterogenous with
hydrocephaly, vision impairment, hearing impairment and cardiovascular disease
occurring most frequently. Additionally, we describe two unrelated patients with
spasticity, expanding the phenotypic spectrum. Our murine analysis of the Mpdz®™*
allele showed severe hearing impairment. Overall, we expand under-
standing of MPDZ-related phenotypes and highlight hearing impairment and spastic-

ity among the heterogeneous phenotypes.

hearing loss, hydrocephaly, MPDZ, phenotypic heterogeneity, spasticity

and spasticity while contributing new information about the clinical
landscape resulting from biallelic MPDZ variants.

2 | METHODS

2.1 | Patient recruitment

This study was approved by the University of Tibingen Ethics Com-
mission, No. 197/2019B01 and the University Medical Center Got-
tingen, local institutional ethics board, No. 3/2/16. Four unrelated
families presenting a variety of clinical indications were aggregated
from four different centers by direct communication or via Gene-
Matcher.” Blood samples were collected after obtaining informed con-
sent from patients or their parents. Informed consent from the
parents or legal guardians of the patients/participants was obtained

for the publication of their data.

22 |
criteria

Literature search strategy and selection

Electronic bibliographic databases including PubMed (https://pubmed.
ncbinlm.nih.gov/ accessed on 11 February 2024) and Web of Science
(https:/ /www.webofscience.com/ accessed on February 11, 2024) were
used for the literature search. The search strategy used the keyword
“MPDZ" for each database. We used EndNote 21 (https://endnote.com/
accessed on January 9, 2024) to collect all the results in a single library.

Our inclusion criteria encompassed publications that reported
patients with suspected deleterious hormozygous, and compound het-
erozygous variants in MPDZ. The exclusion criteria were: (i) duplicate
publications; (i} studies unrelated to the scope of this paper;
{iii) reports in the form of abstracts, reviews, theses, and conference
papers; and (iv) studies describing patients with heterozygous or
homozygous variants in MPDZ classified as likely benign based on
ACMG/ClinGen criteria.

The full text of all the potentially eligible articles and their supple-
mentary information were obtained by two authors (AR and BV)

working independently.
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2.3 | Sequencing, bioinformatics analysis, and
variant classification

Following extraction of DNAs from whole blood by standard protocol,
proband DNA samples were subjected to exome capture using either
the Agilent SureSelect Human All Exon Vé Kit (Families 1 and 3), or
the Nextera Exome Capture (Family 2), or genome enrichment with
the lllumina DNA PCR free Prep Kit (Family 4). Exome sequencing
(ES) was performed on an lllumina HiSeq 2500 sequencer for an aver-
age 50x sequencing depth, resulting in sequences of greater than
100 bases from each end of the fragments. The proband of Family
1 was sequenced at the Institute of Human Genetics, University Med-
ical Centre of the Johannes Gutenberg University Mainz, Family 2 at
Mendelics Genomic Analysis, and Family 3 at Zhengzhou University.
For Family 4, the genome sequencing was performed on the lllumina
NovaSeq 6000 at the Radboud University Medical Centre, Nijmegen,
the Netherlands. Read alignment and variant calling were performed
using DRAGEN Bio-IT Platform (lllumina). Exome data were processed
for analysis using a GATK-based pipeline!® that used Burrows-
Wheeler alignment?? to the GRCh37/UCSC hgl9 human genome
assembly. Single nucleotide variant and InDel detection utilized VarS-
can version 2.2.5, MuTec and GATK Somatic Indel Detector. A previ-
ously described protocol aided interpretation of potentially
pathogenic variants.'? gnomAD v4.0.0'® was used for population-
specific filtering. The prediction of two in silico tools including
REVELY and CADD'® were used to assess the pathogenicity of vari-
ants. All variants were classified based on ACMG and ClinGen
Seguence Interpretation (SVI) Working Group guidelines.

Segregation analysis using Sanger sequencing was performed in
available family members of Families 1, 2, and 3 to confirm variant
segregation after polymerase chain reaction (PCR) amplification.

Primers are available upon request.

24 | Splice variant prediction and in vitro
splicing assay

Prediction of aberrant splicing used Alamut Genova v.1.4, employing
SpliceSiteFinder-like, MaxEntScan, NNSPLICE and GeneSplicer. A
mini-gene splice assay was done as previously described®?” to assay
splice effects of the ©.5231+1G>A variant. Briefly, PCR amplicons
were generated from the genomic DNAs of an affected (Family 1, 11-2)
and wild-type individual (mother, 1-2) using a forward primer with a
Xhol restriction site (MPDZ Ex3 Xhol F: 5'-aattctcgag-
TAATTTTTGGCCCACTACCC-3) and a reverse primer with a BamHI
restriction site (MPDZ Ex3 BamH| R: 5 -attggatccCCTTCGTTGCA-
TAAGGATGAC-3). The 1176 bp amplicon included the entire geno-
mic region spanning exons 37 and 38, as well as additional flanking
320 bp (5') and 306 bp (3') sequence that was ligated into a multiple
cloning site between native exons A and B in the linearized pSPL3
exon-trapping vector. The vector was transformed into DH5« compe-
tent cells and plated overnight. All mutant mini-genes were Sanger

sequence confirmed.

!CLINICAL_WI LEY | 3

Homozygous and wild-type mini-genes were transfected in tripli-
cate into HEK 293T cells cultured in FBS-free medium in 12 well cul-
ture plates with a density of 1 x 10° cells per mL. The mini-genes in
the pSPL3 vector were transiently transfected using 3 uL of FUGENE
6 Transfection Reagent (Roche) with 1 pg of vector. An empty vector
and HEK 293T cells were included as controls. The transfected cells
were harvested 24 h post-transfection. Total RNA was prepared using
the miRNAegasy Mini Kit (Qiagen). Approximately 500 ng of RNA was
reverse transcribed using a High-Capacity RNA-to-cDNA Kit (Applied
Biosystems) following manufacturer's protocols. The cDNA was used
for PCR amplification using a vector specific SDé6 forward (5'-
TCTGAGTCACCTGGACAACC-3') and a terminal MPDZ exon 3 reverse
cDNA primer (5'-CAAGATATCCTCAGCTGTGACC-3'). The resulting
amplified fragments were visualized on a 1.5% agarose gel. cDNA
amplicons were Sanger sequenced. Individual cDNA amplicons from
the ¢.5231+1G>A variant were TA-cloned following standard proto-

cols (dual promoter with pCRII, Invitrogen).

3 | RESULTS

3.1 | Review of the literature

The systematic review of literature considered 162 abstracts. Follow-
ing adherence to inclusion and exclusion criteria, nine studies
remained that reported patients with biallelic MPDZ variants who
were analyzed in detail for clinical information. The PRISMA flowchart
summarizes the process of identification and selection of nine publica-
tions describing 18 patients (Figure 1). Additionally, we incorporated
data from five patients from four unrelated families, resulting in
23 patients (10 [43.5%] male, 6 [26.1%] female, 5 [21.7%] fetuses,
and 2 [8.7%] no information available).

The analysis revealed the presence of 25 distinct homozygous or
heterozygous variants distributed across 15 exons and 3 introns of
MPDZ. Sixteen out of 25 were located within the 13 PDZ domains
of MPDZ. Notably, in individuals with severe phenotypes, at least one
variant was located within the PDZ domain (Table 51).

3.2 | Clinical spectrum of phenotypes associated
with biallelic MPDZ variants

Patients with MPDZ variants exhibited a wide range of clinical pheno-
types [Table 1). The literature reports 23 patients with ages ranging
from fetal stage to 43 years old. Among these patients, 12 (52.2%)
presented hydrocephalus, ranging from lethal to mild, with three

1.%7 initially described two

patients characterized as mild. Al-Dosari et al
patients with severe hydrocephalus, labeling the condition as
non-syndromic hydrocephalus. However, a broader phenotypic con-
stellation was subsequently identified in patients with MPDZ-related
disorders. Nine patients (39.1%) exhibited various forms of wvision
impairment. Recently, two separate reports described vision impair-

ment as including macular coloboma as well as bilateral macular
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Identification of studies Identification of studies :hl G&" " i A PSISM[.(A: f:owr.?art at
via databases and registers via other methods i er? HIS e R OULTIEMIE
can be viewed at

wileyonlinelibrary.com]

162 records identified from
{dentification databases: Records identified from:
PubMed (n=140) Citation searching (n=0)
Web of science (n=22)
Records selected after duplicates removed (n=140)
Screening l
Reports excluded
Records screened becatljse of different
(n=140) topics, abstracts,
l review (n=131)
I Eliibilit I Reports assessed for
ey eligibility (n=9)

l

Reports included
(n=9)

I Included I

colobomas with symmetric patches of chorioretinal atrophy in the
temporal periphery, respectively. Six patients (26.1%) were described
as having congenital hearing impairment, varying from mild to pro-
found. Interestingly, two Pakistani siblings had hearing loss due to a
biallelic variant in MPDZ. Another patient with the same variant
(c.2324C>T, p.Pro775Leu) and non-syndromic hearing loss was also
reported in ClinVar (variation ID: 995976). Cardiovascular abnormali-
ties were observed in four (17.4%) patients with various phenotypes,
including congenital heart defects, aberrant subclavian artery, and
portal vein thrombosis. Seven (30.4%) patients had macrocephaly,
and three (13.0%) had frontal bossing. Skeletal anomalies, such as
persistent fetal pads and striking creases over the knee, as well as
joint hypermobility, were seen in two patients (8.7%) each. Two
patients each (8.7%) exhibited hypotonia and spasticity. Three
patients (13.0%) had intellectual disability, and three patients
(13.0%) experienced seizures. In a study by Shaheen et al, one
patient was identified with intrahepatic cholestasis and multicystic
dysplastic kidney; however, this patient had a variant in TJP2 {classi-
fied likely pathogenic based on ACMG guidelines) explaining these
phenotypes.?®

3.3 | Clinical assessment

We studied four unrelated families originating from wvarious global
regions (Europe, South America, and Asia), each displaying a variety of
phenotypes including hydrocephaly, seizure, spastic paraparesis, hear-

ing loss, cardiac abnormalities and vision impairment.

34 | Family1

The female proband (ll-2) in Family 1, patient 1 in Table 1, is one of
two living affected children out of three children, delivered at term to
non-consanguineous parents (Figure 2A). Hydrocephalus was first
noted prenatally in the 27th week of gestation. She was born at
34 gestational weeks with marked primary hydrocephalus and occipi-
tal frontal circumference (OFC) 42 cm (>99th percentile + 6z). She
exhibited delayed speech development, virtually not speaking at all
until age 5 years and was initially suspected to have congenital hear-
ing loss that was clinically diagnosed as mild to moderate sensorineu-
ral hearing loss. At age 5 years, she received hearing aids, which
significantly improved her speech. At age 6 years and 3 months,
height was 117 cm (31st percentile), weight was 16.5 kg (2nd percen-
tile —2.1z) and OFC was 53 cm (92nd percentile +1.4z). She had a
developmental delay of approximately 30% of her age, suggesting
learning disability or mild intellectual disability. The youngest daughter
{I1-3) in this family was delivered at term and similarly had prenatal
hydrocephalus detected in week 222 of gestation. She failed univer-
sal newborn hearing screening. An older female sibling had died at age
8 months but evidence is too sparse to include or exclude as a same

disease in this family.

35 | Family2

The proband in Family 2 is a 43-year-old female, the youngest of four

siblings born to non-consanguineous parents (Figure 2A). Family
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@w  Family 1 Family 2 Family 3 Family 4

01O [0 [0

1.1 12 | ; 1.1 1.2 L1 1.2
+/-{c.5231#1G>A) | +/- (¢.3508C>T) i (c,wlzsdup) +- e igzgga,g} +/-(c.5701G>C) | +/- (c.5362G>C) +/- |c.4282_4288del] +/- (4282_4288del)
g e ‘ 0 OO0 .@ H O
n1 12 v s
+/-(0.523141G>A) +/- fc. 5231+1G>A] 1.1 "2 3 1.4 1.1 .1 .2
+-(c350805T)  +/- (c.3508CT) +/-(¢.1026dup) +/- (€.5701G>C) o
+/- (£.4993G=A) +/- [c.5362G>C) (c.4282_4288del)/(c.4282 4288del)
CCCTCG,’ATCEACC TCACAC/TTTTTA GGGTGLCT/[T] GTACG  TACATGC/TGCTCC CGGCAAG/CGCTTC GGTTAAG/CTGCTTGG

1
ol

C.35080CT; p Arg1170Ter «5231+1GA; Multiple p.s ©.1026dup, p.Ala3d3serfs* 22 ©A993G2A, pAla166SThr €5362G>C, pVal1788Leu  €.5701G>C, p.{Ala1901Pro}

(B)H ﬁ’mﬁha'“s : M Affected B Unaffected B NA (C)
W 12 9 2 . cA4993G>A, p.ALGEST €.5362G>C, pV1T8EL €.5701G>C, p.A1901P
L R L
Magecpral - g " B : ' Mutant VYEEGTWCKDG ATQE ALLK HPTGVPhaTak
e G I et = Human  VYEEGAJACKDG ATQEAVAALLK HPTGVAAQTQK
el 1 . Chimp VYEEGAACKDG ATQEAVAALLK HPTGV ra‘a:n'm(
Sailar i 15 4 m— Rat VYEEGAACKDG ATQEAVAALLK HPIGVAAQTQK
m,md,mﬁ'm 16 4 — Mouse VYEEGAACKDG ATQEAVIAALLK HPLGMVAAQTQK
m;,w-'m—w 1> S Dog VYEEGAACKDG ATOEAVAALLK HPI GVAAQTQK
- 15 5 Platypus VYEEGAJACKDG ATQEAVAALLK HP' GVAAQTQK
??W 16 5 Chicken VYEEGAAKDG QEAVIAALLK HP GVAAQTQK
-‘PS"__— 16 5 Frog VYEEGAASKDG ATQEAVAALLK H' " GVAAQT K
ﬁaﬁtl(l[\l 16 5
o 20 40 60 80 100
Percentage of individuals
i T T T T W y o
g ol A N
\.g\ &;'» & @'(“ " ".\1 Q" o o R \*" s \?!“ o
W g~ \é'\h','i\ HP & <
\,‘5 y!“ 0y ‘*9" (o4 o e
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el ﬂ D (- |1i| WEB B R e e
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L ~° @ h”&.
%-?,\'50‘ rq’& V “n {"b
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2, 4 Z “n ", v
< 0 g ‘ Y

FIGURE 2 (A) Pedigrees and electropherograms of affected individuals. (B) Bar graph summarizing proportions of various clinical findings in
patients with biallelic MPDZ variants. Red—affected, black—unaffected, gray—no information available. The X axis shows the percentage of
patients and the number inside the bars shows the number of patients included in each of the categories. (C) Interspecies alignment was
evaluated by Alamut Visual Plus v.1.6.1 and indicates the complete conservation down to invertebrates of the amino acid residues affected by the
substitutions. (D) Overview of known and novel variants in MPDZ at the protein level (three variants are splicing which are shown in the cDNA
schematic, see (E)). All variants were extracted from published papers or the current study. The pink region belongs to the PDZ domains (1-13)
and the turquoise region is L27 domain. For each variant, the ID of patients are labeled after # and these IDs are based on Table 1. The variants in
the upper part of the figure were detected in compound heterozygosity and those in the lower part of the figure were identified as homozygous
variants, (E) Overview of known and novel variants in MPDZ that affect splicing. The blue regions represent exons. The variants in the upper part
of the figure were detecting in compound heterozygosity while the variant at the lower part of the figure was homozygous. [Colour figure can be
viewed at wileyonlinelibrary.com]

history is only remarkable for the proband's mother, apparently having The proband was born at term by cesarean section (C-section)
a tendency towards walking on her toes (toe walking) since childhood due to multiple previous maternal C-sections, without any complica-
but is otherwise unremarkable. tions and after an uneventful pregnancy. At birth, her weight was
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3500 g and length was 52 cm. She was discharged from the maternity
ward with her mother 72 h after birth. She subsequently presented
normal psychomotor development, in both language and motor skills,
having walked without support at 9 months of age. During her child-
hood and until the beginning of adolescence the only noticeable fea-
ture was toe-walking. At 12 years of age, gait abnormalities were
initially noted by her mother, not being perceived by the proband her-
self, and appeared to remain stable until 25 years of age when her
walking difficulty began to progress and lower limb spasticity was
noticed. Her gait difficulties worsened progressively and by 32 years
of age, she needed a walking aid in the form of crutches. She pres-
ently uses a wheelchair for long distances and two-point crutches for
short distances. She also complains of urinary urgency and occasional
urinary incontinence. She has no previous medical history of seizures,
hospital admissions or surgeries. Her neurological examination dis-
closed bilateral lower limb spasticity, with hyperreflexia and positive
bilateral Babinsky sign, characterizing a spastic paraparesis. She has
no upper limb compromise and cognition is normal.

Previous examinations included normal fundoscopy and visual
campimetry; a visual evoked potential test disclosing bilaterally
increased P100 wave latency with normal amplitude; an ABR with wid-
ened 1-V interpeak interval on the left and normal values on the right;
an electromyography demonstrating mildly decreased right and left fib-
ular nerves and left median nerve amplitudes; normal serological and
biochemistry cerebrospinal fluid tests; a normal echocardiogram, as well
as abdominal, kidney and urinary tract ultrasounds; and a cystography
showing an overactive neurogenic bladder. Brain MRI with spectros-
copy disclosed bilateral tenuous T2 and Flair white matter hyperintensi-
ties in the cerebral hemispheres and anterior portion of the corpus
callosum, with reduced values of fractional anisotropy associated with
increased myo-inositol levels in spectroscopy, suggestive of myelin

sheath lesion, and mild “ex-vacum™ lateral ventricle enlargement.

3.6 | Family3

The proband in Family 3 is a male child evaluated at 3 years of age
due to concerns of abnormal walking positions (Figure 2A). Neurologi-
cal examination revealed the presence of spastic quadriplegia of cere-
bral palsy. CT and EEG performed during 3 years of age revealed no
abnormalities. He is the only affected child in the family and was born

full-term via vaginal delivery with no complications.

3.7 | Family4

The proband in Family 4 is a 4-year-old boy with an unremarkable
family history except parental consanguinity (Figure 2A). He was diag-
nosed with hydrocephalus prenatally. There was no history of mater-
nal illness or substance use during pregnancy. He was born at
37 weeks and 4 days of gestation with a birth weight of 3695 g by
C-section because of cephalo-pelvic discongruence. A postnatal MRI

showed wventriculomegaly with absent septum pellucidum, broad

interthalamic connection and hypoplastic optic nerve and chiasm and
a diagnosis of septo-optic dysplasia was made. Epileptic seizures
started at the age of 1 year. He was treated with lacosamide and
lamotrigine. At the age of 4 years, bilateral macular coloboma were
noted. He has a vision of 2/7.5 bilateral. He visited a medical day care
because of developmental delay. Physical examination showed a
height of 114.1 cm (+0.2 SD), weight of 21.0 kg (+0.7 5D) and head
circumference of 54 cm (+1.9 SD). He has a triangular face with a
high, broad, and prominent forehead and a pointed chin, hypertelor-
ism with a broad nasal bridge and a narrow mouth. No other abnor-

malities were noted.

3.8 | Genetic analysis

The DNAs of probands from the four unrelated families (Family 1 11-2,
Family 2 II-4, Family 3 ll-1, Family 4 1I-1) revealed variants in MPDZ
{NM_001378778.1). The proband in Family 1 was identified with
compound heterozygous variants including a maternally inherited
€.3508C>T, p.Argl170* nonsense variant in exon 25 with a minor
allele frequency (MAF) of 0.00002567 in gnomAD (with 39 carriers)
and a paternally inherited ¢.5231+1G=>A, p.? canonical splice variant
in intron 38, absent in gnomAD. The proband in Family 2 also pre-
sented compound heterozygous variants including a paternally inher-
ited c.1026dupA, p.Ala343Serfs*22 frameshift variant in exon
8, absent in gnomAD, and a maternally inherited c.4993G>A, p.-
Alal665Thr missense variant in exon 37 with a MAF of 0.00001611
in gnomAD (with 26 carriers). The proband in Family 3 was identified
with compound heterozygous missense variants including a maternally
inherited €.5362G>C, p.Val1788Leu variant in exon 39 with a MAF of
0.000001371 in gnomAD (with two carriers) and a paternally inher-
ited ¢.5701G>C, p.Alal901Pro variant in exon 43 with a MAF of
0.000001592 in gnomAD (with one carrier). The proband in Family
4 presented a homozygous frameshift variant c.4282_4288del, p.-
lle1428Serfs*7 located in exon 30 that is absent in gnomAD. Previous
genetic testing in this family was performed analyzing HESX1 and
S0X2, which revealed no abnormalities. Array analysis revealed a
12q12 deletion (chr12:40,562,013-40,774,520, GRCh37) that was
inherited from the unaffected mother.

3.9 | Mini-gene assay

In vitro RNA studies of the ¢.5231+1G>A variant impacting a highly
conserved donor splice site in intron 38 identified aberrant splicing in
this region. The wild-type control showed evidence of alternative
splicing (four different splice products) between exons 37 and 38. This
result is consistent with the splicing model predicted by the
Genotype-Tissue Expression (GTEx) portal (https://gtexportal.org/
home/gene/MPDZ). Based on this portal, 13 different transcripts use
these two exons, with one of these transcripts (ENST00000438511.5)
skipping exon 37. Figure 3 shows four different splicing outcomes in

this region, with all of them using the donor site in intron 38. Four
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FIGURE 3 (A) Gel electrophoresis of the RT-PCR from the wild-type control, the ¢.5231+1G=>A variant, and empty pSPL3 vector amplicons,

as well as transfection negative and PCR negative controls. (B, C) The vector construct of the in vitro splice assay illustrates the wild-type or
mutant amplicons inserted between exons A and B of the pSPL3 vector with a splicing schematic of the wild-type allele (upper B) and
€.5231+1G>A variant (lower B). The wild-type construct shows four alternative splicing isoforms (a-d). The ¢.52311G>A variant activates two
cryptic donor splice sites in exon 38 (e, f, g, and h). The variant showed evidence of skipping exon 38 following the variant (i) and skipping of both

exons 37 and 38 (j). The empty vector control, with result summarized as equivalent to (j) and skipping of exons 37 and 38, performed as
expected. The “** in e and f indicates TGGT cryptic splice site and “#" in g shows the TTGT cryptic splice site in exon 38. The int. 37 refers to

intron 37. [Colour figure can be viewed at wileyonlinelibrary.com]

alternative splicing amplicons were identified including amplicons show-
ing evidence of: inclusion of both exons 37 and 38 (a), inclusion of both
exons 37 and 38 but with a cryptic acceptor site activation in intron
37 (b), skipping of exon 37 (c), as well as skipping of exon 37 and usage
of a cryptic acceptor site in intron 37 (d) (Figure 3B,C). However, the
€.5231+1G>A variant indicates that the donor splice site in intron 38 is
skipped and instead, either usage of two cryptic splice sites (e-h) or
skipping of exon 38 occurred (i and j). The first cryptic splice site (TGGT)
in exon 38 causes a frameshift variant: g.13121740_13121746del,
r.5227_5231+2del, p.Asn1745Tyrfs*36. The second cryptic splice
site in this exon, TTGT, causes an inframe deletion: g.13121739_
13121749del, ¢.5223_5231-+2del, p.Gly1742_Argl744del. The skipping
of exon 38 causes another frameshift wvariant: g13121741_
13121934del, c.5041_5231+3del, p.Asn1681Lysfs*38. TA cloning of
the amplicon pool approximated the proportion of alternatively spliced

amplicons in this region. The percentage of four different splicing

outcomes from 36 clones for the wild-type are 41.7%, 16.6%, 38.9% and
2.8% for a-d, respectively (Figure 3C). The percentage of the six different
amplicons from 43 clones for the ¢.5231+1G>A variant are: 7.5%, 35%,
7.5%, 37.5%, 10%, and 2.5%, for e, f, g, h, i, and j, respectively.

3.10 | ABR analysis in a murine model

As part of the International Mouse Phenotyping Consortium (IMPC)
programme (https://www.mousephenotype.org/), a Mpdz knockout
mouse model (Mpdz?™*"™PCH) \was generated at the Jackson Labora-
tory employing CRISPR/Cas9-mediated genome editing.?®%? This
resulted in a non-homologous end joining event involving exon 6 of
the Mpdz gene, leading to a 136 bp deletion coupled with a 29 bp
insertion, which is predicted to cause a frameshift and early truncation

(Figure 4A). Mice homozygous for this allele are viable and so were
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subject to the IMPC adult mouse phenotyping pipeline that includes
an acoustic startle (Response amplitude—S) test at 10-weeks of age
and an auditory brainstem response (ABR) test at 14-weeks of age. As
part of the programme, phenotyping data generated from knockout
mice can be compared with a running wild-type baseline of “normal”
values for each test. At 10-weeks of age, in response to a 110 dB
sound stimulus both male and female homozygous Mpdz knockout
mice exhibit a significantly reduced startle reflex compared to wild-
type mice (Figure 4B). At 14-weeks of age, both male and female
homozygous Mpdz knockout mice exhibit elevated ABR hearing
thresholds at all frequencies tested compared to wild-type mice
(Figure 4C). Together these data indicate that Mpdz is critical for hear-
ing in mice, and indicate that this model could be a valuable tool to
investigate the pleiotropic and mechanistic effects of this gene.

4 | DISCUSSION

Biallelic variants in MPDZ have been implicated in a spectrum of phe-
notypes, but few functional studies have been performed to elucidate
the disease mechanisms particularly for hydrocephalus and hearing
impairment.®® Here, we studied four unrelated families exhibiting a
spectrum of phenotypes and identified novel variants in MPDZ. Ini-
tially, MPDZ was primarily associated with congenital hydrocephalus,
encompassing a broad range of severities from stillbirth to severe con-
genital hydrocephalus.”” However, subsequent identification of
disease-causing variants in MPDZ revealed additional features, includ-
ing vision impairment, hearing impairment, cardiac abnormalities, con-
trollable seizure, mild intellectual disability,®* lung hypoplasia,
malrotation of the gut, and multicystic dysplastic kidney (Figure 2B).

Eleven out of 25 variants aggregated from the literature and cur-
rent study were previously deposited in ClinVar (Figure 2D,E). In total,
ClinVar submissions currently report 84 pathogenic/likely pathogenic
MPDZ variants, including 35 frameshift, 28 nonsense, and 21 splicing
variants, albeit with zygosity not provided (accessed February 2024),
Remarkably, only 20 wvariants are explicitly associated with non-
syndromic hydrocephalus, while the remainder are described as not
provided/Inborn genetic diseases. Furthermore, there are 799 mis-
sense variants that are all classified as variants of uncertain signifi-
cance (VUS). While this “VUS-explosion™ is not exclusively unigue to
MPDZ, this suggests that the existing gaps of knowledge from both
the mechanistic and clinical sides are in dire need of expansion in
order to identify potential patients from this VUS-pool. Additionally,
the under-characterized gene-phenotype description in key databases
such as OMIM may further serve as a hurdle to the full appreciation
of MPDZ-spectrum phenotypes. In our systematic review of the litera-
ture, we aimed to increase awareness of the current state of knowl-
edge pertaining to a vast array of possible phenotypes.

Understanding the mechanisms of tissue specificity in heritable
diseases remains a significant challenge. For instance, RB1 is a well-
known cell cycle gene but perturbations only cause retinoblastoma
despite its broader cellular functions.’® Although initial reports have
suggested that severe hydrocephalus was caused by nonsense vari-
ants in MPDZ,*” our study and very recent publications reveal that a
variety of variants distributed from exons 5 to 45 may cause a wide
range of phenotypes including a milder presentation. In our study, a
homozygous LOF variant was identified in a patient with a severe
phenotype involving hydrocephalus, vision impairment, macrocephaly
and seizures. Another family presented with affected individuals with

two LOF variants (nonsense and splicing variants, located in exon
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25 and intron 38, respectively) that were associated with mild hydro-
cephalus, hearing loss and cardiac issues. In contrast, other compound
heterozygous variants (frameshift [exon 7] and missense variants
[exon 12]) in Family 2 and two missense variants (exons 12 and 14) in
Family 3 were associated with spasticity. We analyzed the variant
region and observed an evolutionary conserved region (Figure 2C). In
the literature, compound heterozygous variants (splicing [exon 5] and
missense variants [exon 14]) demonstrated external hydrocephalus
with mild dilatation of lateral and third ventricles without other abnor-
mal features {including vision and hearing impairment).?® Recently,
Zhang et al. has demonstrated that two LOF variants (nonsense [exon
39] and frameshift [exon 31]) only caused bilateral macular colo-
boma.’ Additionally, lyengar et al.'® reported two affected siblings
with variable structural abnormalities of the retina caused by com-
pound heterozygous variants (nonsense [exon 22] and splicing [intron
6]).*® One study described 10 heterozygous variants associated with
retinitis pigmentosa and Leber congenital amaurosis, but this study
had a methodological limitation, and it was not fully supporting the
diagnosis.**

Based on the literature, two missense variants with a mild pheno-
type have been described: a homozygous missense variant p.-
Pro775Leu causing only hearing loss in a Pakistani family,?® as well as
a different missense variant p.Val137Phe causing hearing loss and
congenital hereditary endothelial dystrophy in an Iranian family.??
Additionally, Al-Jezawi et al.>® identified two compound heterozygous
novel variants (c¢.394G>A and c.1744C>G) in a patient with macroce-
phaly and communicating hydrocephalus. The in vitro functional study
of the ¢.394G>A genetic variant revealed exon 5 skipping. Notably,
this variant has a ClinVar entry (variation ID: 992337) with conflicting
classifications of pathogenicity, being reported both as a VUS and
likely pathogenic. Interestingly, the general population (gnomAD V.4)
shows an entry with a homozygous status for this variant. To address
this discrepancy, it is possible that this variant may only cause disease
when combined with another pathogenic variant. Therefore, we rec-
ommend further in vivo functional studies to elucidate the role of
both variants detected in this study. In our current study, we have
identified two missense variants in trans (c.5362G=>C and ¢.5701G>C)
in a patient (F3, I-1) primarily affected by spasticity. Utilizing in silico
tools, we predict that both variants are damaging, and interestingly,
they are ultra-rare in the general population (gnomAD v.4). As, we
detected another patient (F2, |I-4) with spasticity caused by a com-
pound heterozygous combination of variants (a frameshift and a mis-
sense), based on this finding, we hypothesize that the compound
heterozygosity involving two missense variants may lead to a similar
phenotype in patient F3, II-1. However, since this is the initial descrip-
tion of this phenotype for this specific gene, we recommend further
functional studies to confirm the pathogenic impact of these missense
variants in this patient. The variability in MPDZ-related phenotypes,
ranging from mild to severe, may be attributed to several factors,
including the presence of multiple transcripts (18 isoforms with
10 protein coding isoforms based on Ensembl) and/or regulation by
NMD, which generally targets stop codons in both mutated and nor-
mal transcripts that adhere to the 50-nucleotide rule.? For instance,

based on GTEXx, six transcripts in MPDZ do not use a common last

exon that is used in the MANE transcript. However, this hypothesis
remains to be clarified via functional studies.

MPDZ functions as a scaffold protein for tight-junction-related
proteins, adherens junction proteins, and transmembrane receptors. It
comprises 13 PDZ domains that interact with the ion channel subunit
C-terminal tail sequences and G-protein coupled receptors. Functional

£’

studies in Mpdz ™"~ mice implicate its role in ependymal and/or cho-
roid plexus dysfunction, potentially explaining the brain abnormalities
associated with MPDZ variants.” Furthermore, it has been demon-
strated that Mpdz plays a role at the hair cell apical membrane where
it colocalizes with MAGUK p55 subfamily member 5 (MPP5) and
Crumbs protein CRB3, offering insight into its potential function in
the inner ear.® Family 1 in this study supports the role of MPDZ
in hearing. Nevertheless, the function of missense/inframe variants
and the role of specific domains remains poorly understood.

In conclusion, our review summarized the various genotypes
and phenotypes related to MPDZ. This review also reports novel
variants in MPDZ with detailed phenotypic information. To the best
of our knowledge, we highlight that biallelic variants in MPDZ can
primarily cause spasticity in 8% of patients. Current evidence sug-
gests that the spectrum of phenotypes may be influenced by loca-
tion within the gene. Continued evaluation of new cases and
functional studies on missense variants are essential for elucidating
the precise roles of different domains and variant type on MPDZ-

related phenotypes.
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