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Resumen

Introduccidn: El actfeno es la percepcion de ruido en ausencia de una estimulacion acustica
externa que afecta a mas del 15% de la poblacién adulta. El acufeno severo esta presente en el
1% de la poblacién general. Los estudios genéticos realizados en gemelos, adoptados y familias
avalan una heredabilidad significativa. Varios estudios que seleccionaron genes candidatos no
han mostrado hallazgos consistentes y la evidencia que respalda una contribucion genética al
acufeno es débil y enfatiza la necesidad de seleccionar el fenotipo de actfeno apropiado.

Objetivos: Identificar los genes implicados en el desarrollo y mantenimiento del actfeno severo
mediante la seleccion de individuos con fenotipo extremo para acufeno mediante secuenciacion
del exoma y analisis de carga génica. La identificacion de posibles vias y procesos bioldgicos se
llevara a cabo mediante analisis de ontologia genética y analisis de enriquecimiento de conjuntos
de genes.

Metodos: Los exomas de 59 pacientes con enfermedad de Meniere (EM) y fenotipo extremo
para acufenos, y 32 pacientes con EM sin acufeno grave de ascendencia espafiola fueron
secuenciados como control interno. Para la cohorte de replicacion, se secuenciaron 97 pacientes
suecos con acufeno severo y se reclut6 un tercer conjunto de datos de 701 pacientes con epilepsia
genética generalizada de ascendencia europea. La frecuencia de alelos menores de las variantes
se compar6 con conjuntos de datos de referencia espafioles y europeos no finlandeses. Se realiz6
un andlisis de ontologia genética y un enriquecimiento de conjuntos de genes para identificar las
vias y los procesos biologicos.

Resultados: Encontramos un enriquecimiento de variantes raras sin sentido en 24 genes
sinapticos en la cohorte espafiola, siendo los mas significativos PRUNE2, AKAP9, SORBS1,
ITGAX, ANK2, KIF20B y TSC2, cuando se compararon con conjuntos de datos de referencia.
Esta carga se replico para el gen ANK2 en la cohorte sueca con 97 individuos con acufeno y en
un subconjunto de 34 pacientes suecos con acufeno severo para los genes ANK2, AKAP9 y TSC2.
Ademas, en el enfoque basado en datos sin hipdtesis, los anélisis de carga genética revelaron el
gen ADGRV1 y también confirmaron el exceso de variantes sin sentido para ANK2 y TSC2 en
pacientes con acufeno. Sin embargo, estas asociaciones no fueron significativas en la tercera
cohorte de 701 individuos con epilepsia generalizada sin acufeno. La ontologia genética (GO) y
los anélisis de enrigquecimiento de conjuntos de genes mostraron varias vias y procesos
bioldgicos involucrados en el acufeno severo, incluido el transporte a través de membranas y la
unién de proteinas del citoesqueleto en las neuronas.

Conclusiones: En esta tesis, se han identificado los genes y las potenciales vias del acufeno
severo, lo cual sugiere que los genes sinapticos y la ramificacion inicial del axdn juegan un
importante papel en el desarrollo y mantenimiento del actfeno severo. Estos resultados podrian
ser beneficiosos para futuros estudios genéticos del acufeno.
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Abstract

Introduction: Tinnitus is the perception of noise in the absence of an external acoustic
stimulation affecting more than15% of adult population. Severe tinnitus is observed in 1% of the
general population. The genetic studies conducted in twins, adoptees and families support a
significant heritability. Several studies selecting candidate genes have shown no consistent
findings and the evidence to support a genetic contribution to tinnitus is weak and emphasis the

need to select an appropriate tinnitus phenotype.

Objectives: To identify the genes involved in the development and maintenance of severe
tinnitus by selecting individuals with extreme phenotype for tinnitus using exome sequencing and
gene burden analyses. The identification of potential pathways and biological processes will be

carried out by gene ontology and gene-set enrichment analysis.

Methods: Exomes of 59 Meniere disease patients with extreme tinnitus and 32 MD patients
without severe tinnitus of Spanish ancestry as internal control were sequenced. For replication
cohort, 97 Swedish patients with severe tinnitus were sequenced and a third dataset of 701
patients with genetic generalized epilepsy of European ancestry were included. Minor allele
frequency of variants was compared with Non-Finnish European and Spanish reference data sets.
Gene ontology and gene-set enrichment was performed to identify the pathways and biological

processes.

Results: We found an enrichment of rare missense variants in 24 synaptic genes in a Spanish
cohort, the most significant being PRUNE2, AKAP9, SORBS1, ITGAX, ANK2, KIF20B and
TSC2, when they were compared with reference datasets. This burden was replicated for ANK2
gene in a Swedish cohort with 97 tinnitus individual, and in a subset of 34 Swedish patients with
severe tinnitus for ANK2, AKAP9 and TSC2 genes. In addition, the hypothesis-free data driven
approach, gene burden analyses revealed ADGRV1 gene and also confirmed the excess of
missense variants for ANK2 and TSC2 with tinnitus. However, these associations were not
significant in the third cohort of 701 genetic generalized epilepsy individuals without tinnitus.
Gene ontology (GO) and gene-set enrichment analyses showed several pathways and biological
processes involved in severe tinnitus, including membrane trafficking and cytoskeletal protein

binding in neurons.
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Conclusions: In this Thesis, the potential genes and pathways for severe tinnitus have been
identified, suggesting the role of synaptic genes and axon initial branching in the development

and maintenance of severe tinnitus. These results could be beneficial for future genetic studies of

tinnitus.
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1.

1.1.

Introduction

Tinnitus: a complex trait

Tinnitus is the perception of auditory noise in the absence of an external acoustic stimulation.
It can range from ringing, buzzing, hissing or beeping in the ear. It can be classified into two
categories; subjective and objective tinnitus. Objective tinnitus is generated from an internal
source such as turbulent flow of blood or spontaneous otoacoustic emissions. However,
subjective tinnitus is originated due to abnormal spontaneous activity and only patient can

hear it 12,

The most common form of tinnitus is subjective tinnitus affecting more than 15% of adult
population®. Tinnitus can precisely characterized as pulsatile or non-pulsatile, intermittent or
persistent, unilateral or bilateral, sporadic or familial®. Tinnitus can also described as a
distressing disorder in 1% of the population affecting quality of life. Tinnitus in the light of
complex disorder; can accompany and overlap with other several disorders including anxiety,
sleep disorder, hyperacusis, hearing loss, headache or Meniere disease®, (Figure 1). As a
result, the heterogeneity nature of tinnitus and its wide range of characteristics have made this

condition more complex.

To date, there is no consensus on the definition of tinnitus to classify it either as symptom or
disorder. The diagnostic criteria of tinnitus have not been established so far due to the lack of
operational or standardized definition. The current definitions do not differentiate patients
with tinnitus and those experiencing tinnitus along with other comorbidities, functional
disability or cognitive dysfunction. Recently, efforts have been made by a group of tinnitus
experts under Tinnitus Research Initiative (TRI) consortium and proposed the definitions of

tinnitus as a symptom and disorder.

Tinnitus as a symptom defined as the conscious awareness of a tonal or composite noise for
which there is no identifiable corresponding external sound source. For tinnitus disorder the
proposed definition is, when emotional distress, cognitive dysfunction, and/or autonomic
arousal are associated with tinnitus; and leading to behavioural changes and functional
disability.’
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Figure 1: Tinnitus is a symptom observed in several disorders
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1.2.  Inner ear and the peripheral auditory system

Human ear is responsible for hearing and balance functions; with the help of sensory
organ which is located in the temporal bone of ear. The ear has three parts divided as outer,
middle and inner ear. The external sound waves are particularly collected by the pinna; a part
of outer ear. These sound waves then make the tympanic membrane vibrate and produce
movements in the chain of three tiny bones, help in transferring these vibrations into the
cochlea of the inner ear. The hair cells in the cochlea start to stimulate and generate electrical
impulses which are then interpreted by the brain as sound (Figure 2). The detail of each part

of the ear is as follows:

1. Outer ear: This part of the ear has pinna and external auditory canal; the
tympanic membrane separates it from the middle ear.

2. Middle ear: composed of ossicular chain of three bones that includes malleus,
incus and stapes

3. Inner ear: Morphology of inner ear is divided into cochlea or anterior labyrinth
(organ of Corti) and posterior labyrinth (semi-circular canals and vestibular end

organ)®.
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Figure 2: Anatomy of ear with detail of three basic parts outer, inner and middle ear
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From John T. Hansen, David R. Lambert. Netter’s Clinic Anatomy. Head & Neck. Elsevier
2014. p. 527-654. doi:10.1016/B978-84-458-1580-9.50008-4.

1.2.1. Anatomy of cochlea and its function

The cochlea is a spiral shaped tube with 2.5 turns which is responsible for the detection of
sound and its analysis. Cochlea is located in bony labyrinth and has three primary parts as scala
vestibule (vestibular duct), scala media (cochlear duct) and scala tympani (tympanic duct), see
Figure 3. It is filled with two types of fluids i.e. endolymph and perilymph remains separated in
their own chambers. The detail of cochlea sub parts is as follows:

1. Scala vestibule: It contains perilymph and reside above cochlea duct

2. Scala media: This chamber contains endolymph and organ of Corti. It is highly

concentrated with K™ and NA™ ion

3. Scala tympanic: It is located below the scala media and also contains perilymph

The organ of Corti is a spiral like structure located in scala media and formed by two main types
of cells i.e. hair cells and supporting cells (non-sensory). These hair cells are further divided
into two categories inner and outer hair cell; responsible for sending and receiving
neurotransmitter signals to code auditory information. This organ has very precise organization

and pattern of stereocilia with one layer of inner hair and three layers of outer hair cells.
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Figure 3: The detail of scala vestibule, scala media and scala tympani
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1.2.2.  Anatomy of vestibular labyrinth and its function

The vestibular system plays a vital role in order to maintain the right balance. The structure
of vestibular labyrinth is distributed into otolith organ (linear acceleration) and the
semicircular canals (angular acceleration). The otoliths organs including sacculus (controls
gravity and balance perception) and utricle (distinguishes the tilt degrees of a head) are
focused in generating a respond to the linear acceleration and the position of a head,
respectively. These structures contain macula, the sensory epithelium with hair cells which is
covered by otolithic membrane. The otolithic membrane contains the calcium carbonate
crystal which is called otoconia. The semicircular canals are composed of three main bony
canals including anterior, posterior and the lateral semicircular canals, which are filled with
endolymph. All these three canals have the dilation known as the ampulla which contains the
sensory cells; responsible for collecting information about the angular acceleration of the
head.

17



1.2.3. The auditory central nervous system and tinnitus mechanism
The auditory input is transmitted to the brain by either primary auditory pathway which is
responsible to carry input from cochlea, or by the non-primary pathway known as reticular
sensory pathway carrying sensory input. However, the input from peripheral auditory system
reaches the central auditory nuclei by the auditory nerve. The auditory nerve then transmits
the auditory input up in a form of series of nuclei to the primary auditory cortex. The series of
nuclei includes:

e Cochlear nuclei (Medulla)
¢ Anterior ventral cochlear nuclei: responsible for preserving and enhancing the
precision of the temporal information in neural firing.

% Posterior ventral cochlear nuclei: involves in complex stimulus analysis and in

giving rise to dorsal auditory stream of brainstem.

X/
L X4

Dorsal cochlear nuclei: It extracts the very complex patterns in the auditory
stimulus and contains a range of cell types and several interneurons.

e Superior olivary nuclei (Pons)

e Inferior colliculus (Midbrain)

e Medial geniculate nuclei (Midbrain)

The auditory pathway is short and has 3-4 relays. The first relay occurs in cochlear nuclei in
the brainstem which receive the Type | spiral ganglion axons/auditory nerve and decodes the
frequency, intensity or the duration of signals. The second relay arises at superior olivary
nuclei and the majority of auditory fibres synapse cross the midline and the third level
neurons transmit the signals up to the inferior colliculus. These two relays determine the
localisation of sound. The last relay occurs at the level of medial geniculate which consist of
two types of cells i.e. ventral part and other include medial, dorsal. The thalamus then links to
the auditory cortex and integrate the response®’, Figure 4.
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Figure 4: The major auditory nervous pathways
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A) Modified from Brodal A: The auditory system. In Neurological Anatomy in Relation to Clinical Medicine, 3rd ed. New York: Oxford
University Press, 1981.

B)  Schematic drawing of the cochlear nucleus to show the auditory nerve’s connections with the three main divisions and the cochlear
nucleus. DCN dorsal cochlear nucleus, PVCN posterior ventral cochlear nucleus, AVCN anterior ventral cochlear nucleus. (Reprinted
from Mgller, A.R., Sensory Systems: Anatomy and Physiology. 2003, Amsterdam: Academic Press, with permission from Elsevier.

The damage to ear, receptor organs, auditory nerve, or the nerve cells in nuclei of the

auditory system can cause tinnitus. Since, tinnitus can occur in some individuals due to hair

cells injuries, indicating the possibilities that some other factors are involve in tinnitus. The
other possible mechanism of tinnitus generation could be the deprivation of input to the
auditory nervous system.

The deprivation of input that occurs due to the certain parts of cochlea can cause tinnitus,

providing inhibitory influence on neurons in auditory nervous system. In addition, the noise

exposure can cause a change in the morphology of cochlear nucleus and can affect the
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auditory nervous system. The abnormal input, overexposure to noise and hearing loss causing
the deprivation of auditory input could lead towards the activation of neural plasticity. There
is an evidence that the deprivation of auditory input, can result in unused parts being taken
over by other systems e.g. unused auditory cortex by visual system®. The auditory input
deprivation can cause two types of change at functional level: alteration in the balance
between excitation and inhibition causing a gain increase in different parts of the auditory
system; and it can also activate the neural plasticity. The high frequency sounds exhibit the
strong inhibitory influence on neurons in cochlear nucleus as compared to low frequency
sounds; indicating high frequency hearing loss can cause tinnitus by reducing normal

inhibition occurrence®*®

. Neural plasticity is considered an important factor in tinnitus
generation, which alters the processing of sound and re-routing the signals in central nervous
system. Plastic changes can stimulate the coherent firing of several neurons in the auditory
pathway and can be a cause of tinnitus. In relation to tinnitus, the reduction in auditory input
can activate the neural plasticity™. The neural plasticity is an essential part of the neurons in
auditory system. Hearing loss can cause a change in the central auditory pathway i.e.
tonotopic map reorganization. This change can increase in the firing rates of neurons in the
primary auditory cortex; converting into an abnormal synchronous network that generates

tinnitus 2.

1.3.  Meniere disease
Meniere disease (MD) is a syndrome consisting of a spectrum of rare inner ear disorders
characterized by the attacks of vertigo, sensorineural hearing loss (SNHL), tinnitus and
sometime aural fullness. The sudden attacks of vertigo are associated with hearing loss and
tinnitus. In early stages of disease, tinnitus tends to be more intense before and during the
crises. The progression of disease is associated with the disappearance of vertigo, an increase
in hearing loss thresholds; leading towards the permanence and an increase in the intensity of

tinnitus in many patients 34,

1.3.1. Vertigo
Vertigo is one of the most common and initial symptom of MD as reported by most of the
patients. It is a sensation of motion and rotation in the absence of real motion in the
surroundings or environment, but the patient feels it. The duration of these attacks could last
between 20 minutes to several hours; with a significant disturbing impact on health-related
quality of life. The average number of vertigo attacks ranged between 6-11 per year and the
severity of these attacks may change before turning into mild; but they are unpredictable **.
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1.3.2. Sensorineural hearing loss
SNHL in MD is a common symptom and it can get worse over time. It can be unilateral or
bilateral with varying progression of development from weeks to years. The progression of
SNHL seems to be slow in most patients, but it can develop from moderate to severe with
early onset. To diagnose hearing loss and the progression of MD the serial pure tone

audiograms are used; which can be used to differentiate MD from other inner ear disorders.

1.3.3. Tinnitus
Tinnitus is the perception of sound in the absence of an external sound in the environment.

There are two types of tinnitus in patients with MD, according to the clinical presentation:

e The tinnitus reported in one ear during the episode of vertigo that usually is a low
frequency noise of high loudness occurring immediately before the attack. This
symptom is reported by the majority of patients during the attacks. Although the
mechanism is unknown, it is hypothesized that it is related to acute changes in the
composition of the endolymph.

e The tinnitus reported out of the attacks and this is probably related to the inner ear
damage causing a lack of trophic support in the nerve fibres when patients develop a
persistent SNHL.

Tinnitus is reported as a most troublesome symptom by many MD patients after several
years; since its intensity can increases during vertigo attacks. However, it can occur together

with several disorders making it heterogeneous and more complex.

1.3.4. Aural fullness
Aural fullness is a sensation of pressure, clog or blockage in the affected ear. Its intensity can
fluctuate and become more intense during vertigo episodes. This symptom is explained by the

accumulation of endolymph in the cochlear duct in the anterior labyrinth.

1.4. Extreme phenotype
A clinical phenotype is a set of observable signs, symptoms, and behavioral features
associated with a human disorder. The phenotype can be described by several features or
traits including categorical or quantitative characteristics of patients and disorder under
consideration. In Mendelian genetics the variation in observable features of phenotype of a
16,17,18

disorder is well known as expressivity and it can range from mild to severe phenotype

The Phenotype variation in the quantitative traits can be represented by a bell-shaped graph
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where mild and severe phenotypes are located at the tails of the distribution. However, the
majority of the subjects show an intermediate phenotype (Figure 5).
Figure 5: Phenotypic variation in quantitative traits. Individuals’ phenotypes can be classified as benign,

intermediate, or severe according to general and disease-specific criteria. Extreme phenotypes are identified
at the ends of the normal distribution (green, orange, and red areas).
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The genetic architecture of human diseases allows a better understanding of the genetic
variants that can influence the phenotype in complex diseases'. Next-Generation Sequencing
(NGS) technology has been used to uncover missing heritability and to elucidate the genetic
contribution to common and rare diseases with underlying heterogeneity. In particular,
Whole-Exome Sequencing (WES) provides an opportunity to capture rare and ultra-rare
alleles of protein-coding genes, which highly influence disease risk. In the last few years,
several novel genes have been identified by utilizing WES for various neurological diseases,
such as epileptic encephalopathies (KCNQ2, STXBP1, and KCNB1) and Parkinson’s disease
(VPS13C, ARSB, PTPRH, GPATCH2L, and UHRF1BP1L)%%22,

A significant increase in the prevalence of complex diseases has been reported the last
decades such as bipolar disorder, coronary artery disease”, type 2 diabetes, hypertension,
obesity and cancer 2*. This increase could be related to environmental factors such as diet or
lifestyle changes. However, the genetic contribution to complex conditions is still largely
unknown, since the contribution of rare variations to heritability is still undetermined. There
are several factors that limit the power of gene discovery approaches, such as phenotypic

variance *°, the overlap of clinical features observed for similar conditions, minor allelic
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frequency (MAF), the heterogeneous nature of loci, and the low effect size of potential risk

alleles 2.

There is a well-established inverse relationship between the allelic frequency of a given
variant and its effect size on the phenotype (Figure 6). The underlying hypothesis is that
extreme phenotypes (EP) will occur in extreme cases with an excess of rare variants, with a
moderate effect size on the phenotype in addition to the effect of the common variants for the
trait of interest. The EP strategy aims to identify rare genetic variants causing a large effect

on disease risk 2",

The EP study design includes the selection of individuals whose phenotypes are at the
extreme ends of a disease phenotype distribution. These extreme subjects may be
characterized by early or late age of onset, benign or severe forms of disease, family history,
fast progression of symptoms, very high or very low scores on psychometric tests or extreme
levels of a biomarker %2%3! This strategy may identify rare genetic variants by sequencing a
relatively small sample size and it can target novel candidate genes, since rare variants that
contribute to a particular trait are enriched at the two extremes of a disease distribution *°.
The combination of EP with WES has successfully identified several rare variants and
candidate genes for diabetic retinopathy *2, bipolar disorder **, and cystic fibrosis ** across
diverse ethnic groups.
Figure 6: Distribution of genetic variants according to allelic frequency and effect size on the phenotype

in quantitative traits. Individuals with extreme phenotypes will show a burden of rare variations with a
moderate to large effect size (modified from Manolio et al., 2008 *).
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1.5.

Diagnosis and classification
The diagnosis of MD is based on the clinical symptoms reported by the patients during the
episodes of vertigo. The heterogeneity nature of MD has made its diagnosis very challenging;
since its symptoms may accompany other disorders as well including benign paroxysmal
positional vertigo, otosclerosis, vestibular migraine, transient ischemic attacks in
vertebrobasilar territory and others. The American Academy of Otolaryngology-Head and
Neck Surgery (AAO-HNS) developed the guidelines for diagnosis and therapy evaluation of
MD in 1972 and revised them in 1985 and 1995; these criteria were further revised in 2015 in
a consensus panel including representative of the Classification Committee of the Barany
Society, the European Academy of Otology and Neurotology, the Korean Balance Society

and the Japan Society for Equilibrium Research® Table 1.

Table 1: MD Diagnostic criteria according to the Barany Society guidelines (2015)

Symptoms Definite MD Probable MD
Vertido 2 or more episodes of vertigo during 20 | 2 or more episodes of vertigo
g min to 12h during 20 min to 24h

Audiometrically documented low-to-
medium frequency SNHL on an

Hearing loss affected ear during/after one vertigo i
episode
Tinnitus/Aural fullness Fluctuating aural symptoms Fluctuating aural symptoms
Not better explained by another Not better explained by another
Other . : . .
vestibular disease vestibular disease

The symptoms of MD may show an overlap with other common or rare disorders making the
diagnosis more complex. The overlapping disorders include the autoimmune inner ear

disease, delayed hydrops, vestibular migraine and others.

1. Autoimmune inner ear disease is defined by the crisis of sudden to progressive bilateral
sensorineural hearing loss.

2. Delayed hydrops is characterized by the suffering from longstanding unilateral profound
sensorineural hearing loss.

3. Vestibular migraine is considered a common cause of episodic vertigo with overlapping

symptoms with migraine.

4. Transient ischemic attacks of the brainstem, which are observed in the vertebrobasilar

territory and may include tinnitus, vertigo, hearing loss and other transient neurological

symptoms involving cranial nerves of the pons and medulla.
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1.6. Genetic variants

Genetic variant is a well-known term that refers to the change that happens at DNA level as a
result of errors occur during DNA replication. The irreversible change in the DNA is considered
a primary source of genetic variation; i.e. mutation. It is endorsed that rare mutations located in
the coding regions of the genome are more pathogenic and have a large effect in rare disease than
common variants. There are several types of variants according to its effect in the nucleotide

sequence and the reading frame (Figure 7).

Figure 7: Major types of genetic variants with an example

Reference sequence

AACGCTCGCTCGCTCCTCG

Single nucleotide variants (SNVs) Copy number variants (CNVs)

AACGCACGCTCGCTCCTCG Large deletion or duplication of >1kb

\i
Insertion

AACGCTCCCGCTCGCTCCTCG
Deletion

AACGCT- - -TCGCTCCTCG

The detail of major types of genetic variants is as follows:

1. Single nucleotide variants (SNVs)

SNV is a change in the nucleotide sequence in the DNA as compared to the
reference sequence on genome. SNVs with MAF lower than 5% are considered rare
variants. The further division of SNVs based on functional affect is as follows:

1.1. Coding:
These variants usually affect the protein-coding regions and can cause a change in the
resulting amino acid or maybe not.
% Nonsynonymous
These variants change the amino acid of the resulting protein and can be further

classified as missense and nonsense variants.
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1.2.

2.

e Missense: cause a change in the amino acid
e Nonsense: tends to cause premature loss or gain of the stop codon
% Synonymous
In this type of variant, the resultant codon certainly codes the same amino acid
with no change in protein production. These variants are also known as silent
mutations or functionally neutral variants. However, some of the synonymous
variants can be disease causative or can impact the total amount of the protein by
changing the mean life of the mRNA product.
Non-coding
These variants occur in the non-coding regions of human genome and the
functional significance of these variants is probably unknown. These variants
include untranslated regions and non-coding RNA variants. Few of them may
have regulatory effects in the coding regions by different mechanisms including

alternate transcription start sites.

Insertion and deletion (INDELYS)

Small insertion and deletion are well-known as INDELS with size range of 1 to
10,000 bp. INDELS occur frequently and most of the time are detected with SNVs.
The effect on reading frame can subdivide the INDELS into the following categories

as:

% Frameshift: resulting in a shift or change in the reading frame during the

translation process and the resultant reading frame is no more divisible three.

Structural variants (SVs)

Large alterations on genome of more than 1000bp are termed as structural variants.
These variants are not well studied but as equally important as indels with a
significant contribution to the disease development. The major categories of

structural variants are as follows:
% Copy number variants (CNVs): The well-studied type of SVs is CNVs,
composed of large insertions, deletions or duplications responsible for a great

proportion of variation in phenotypes.
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¢ Inversions and other SVs: In this type of variation, the DNA is reversed with
reference to the rest of human genome. These inversions are the root cause of several
diseases including Angelman syndrome, Hunter syndrome and others. This type of
SVs include translocations or segmental uniparental disomy and not very well-
studied.

1.7. Pathogenicity of rare variants

In order to assess the pathogenicity of rare variants, several in silico predictive algorithms
have been designed including Sorting Intolerant from Tolerant (SIFT), Combined Annotation
Dependent Depletion (CADD), Polymorphism Phenotyping v2 (PolyPhen-2), Functional

Analysis through Hidden Markov Models (FATHMM) and others.

In 2015, the American College of Medical Genetics (ACMG) and the Association for
Molecular Pathology (AMP) published the guidelines to assess the evidence available to
interpret the potential pathogenicity of rare variants for Mendelian disorders in the human

genome and facilitate their profile as benign or pathogenic *, Table 2.

Table 2: Pathogenicity criteria based on evidence according to ACGM guidelines
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In addition, further studies have proposed the use of the etiological fraction (EF)® to assess
the pathogenicity of rare variants in gene burden tests; EF provides the quantitative estimates
of rare variants being disease causative based on location, gene and variant classification
(Table 3).

Table 3: Adaptation of ACMG/AMP guidelines for pathogenicity and etiological fraction

Current ACMG/AMP guidelines

Pathogenicity
Moderate

Supporting Strong Very strong
Missense in gene with
low rate of benign,

missense variants and
pathogenic missenses

commaon

Mutational hot spot or well-
defined functional domain
without benign variation

Proposed adapted ACMG/AMP guidelines

Pathogenicity

28



1.8.

Supporting Moderate Strong Very strong

Non-truncating
variant in gene
or protein region
with EF >0.95

Non-truncating variant in Non-truncating variant in
gene or protein region with | gene or protein region with
0.8<EF <0.9 0.9<EF <0.95

Heritability and genetics contribution to tinnitus

In literature, the evidence to support the genetic contribution to tinnitus is limited to few
epidemiological and genetic studies, showing conflicting results. One of the tinnitus studies
conducted on twins reported high concordance between monozygotic twins with bilateral
tinnitus; indicating a genetic inheritance for severe bilateral tinnitus and a high heritability of
0.62 in young women with bilateral tinnitus. A study on Swedish adoptees was conducted to
investigate the association of genetic or environmental factors with tinnitus. For this purpose
the adoptees, biological parents and adoptive parents were recruited. The results showed that
there is no association between the transmission of tinnitus and the shared environmental
factors. However, a heritability of 0.32 was reported and suggested the association of tinnitus

with genetic factors®.

In addition, large population based familial studies have also been conducted. For the first
large scale study, 198 families across Europe were recruited and the analysis revealed the
heritability of 0.06-0.14 for siblings and 0.01-0.07 for parent-offspring; and the heritability
of 0.11 in females and males, showed that the contribution of genetic factors in tinnitus is
relatively low 3. In Sweden, a large scale study on familial aggregation was conducted to
determine the ratio of recurrence risk among siblings. This study has found that the
recurrence risk ratio is significantly higher for severe tinnitus in females and highlighted the

significance of tinnitus severity level and sex for future genetic studies™.

Furthermore, a large scale GWAS on self-reported tinnitus individuals was performed to
study the genetic association of tinnitus with neuropsychiatric disorders. The analysis showed
6 significant loci with small effect size, 27 genes and 6% of tinnitus estimated heritability. In
addition, 3/6 loci were also replicated in Million Veteran Program (MVP) cohort. MVP
cohort was not controlled for noise exposure but was known for tinnitus risk factors. The
genetic correlation of tinnitus was also found with neuroticism, insomnia which was

consistent with clinical and neuroimaging evidences*.
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There are several genotyping studies investigated the genetic contribution to tinnitus
particularly chronic tinnitus. These studies have selected candidate genes for sequencing or
genotyping and recruited a very small sample of patients with chronic tinnitus. However,
none of the studies so far have investigated the genetic contribution of chronic tinnitus in MD
patients. The existing researches on tinnitus have suggested the involvement of several
candidate genes including KCNE1*, SLC6A4 *, KCNE3*, GDNF,BDNF, KCTD12",
GDNF*" and Metabolic pathway*® but the evidence to support these findings is very
weak®.The main concerns include the selection of patients without an appropriate phenotype
(severity level, age of onset, age group), the lack of replication in an independent cohort, and
the selection bias of candidate genes, ignoring the multiple interaction of proteins in the

complex biological processes.

The recommendations and suggestions to conduct genetic studies on tinnitus in humans are

detailed below, according to *:

1. Deep phenotyping: an appropriate selection of patients with homogenous tinnitus
phenotype and detailed clinical information to control biasness associated with
comorbidities/disorders that have been previously associated with chronic tinnitus (i.e.
hearing loss, depression, anxiety).

2. Well-defined inclusion and exclusion criteria i.e. age of onset, family history

3. Utilization of standardized tools to measure the severity of tinnitus i.e. Tinnitus
Functional Index (TFI), Tinnitus Handicap Inventory (THI)

4. Replication in independent cohorts to validate the genetic association
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2. Hypothesis

Tinnitus as a disorder is a complex trait observed in 1% of the general population.
Epidemiological studies conducted in twins, adoptees and families support a significant

heritability.

The hypothesis of this study is that patients with an extreme tinnitus phenotype (severe
tinnitus) will have an enrichment of rare variants with functional effects in certain genes (i.e.,
synaptic genes). Further, the accumulation of rare and novel variants in these genes will
target relevant genes and proteins which could play an important role in the molecular

pathophysiology of severe tinnitus.
To demonstrate our hypothesis, we will use exome sequencing data from Spanish patients

with MD and severe tinnitus, and compare them with datasets from MD without severe

tinnitus (internal control), and Spanish and Non-Finnish European data (external controls).
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3. Objectives

3.1. Main objective

The main objective of this Thesis is the identification of genes involved in the development
and maintenance of severe tinnitus by selecting individuals with extreme phenotype for

tinnitus and using exome sequencing and gene burden analyses.

3.2.  Specific objectives

1. To assess the effectiveness of the extreme phenotype strategy in complex disorders to
reveal a burden of rare variation in certain genes and define novel genes by a systematic

review of genetic studies using extreme phenotype.

2. To identify the main genes associated with severe tinnitus in MD by selecting patients
according to THI scores and performing exome sequencing and gene burden analysis.

3. To validate these genes by a replication study using sequencing data in an independent

cohort of patients with severe tinnitus without MD.

4. To reveal the potential biological process and biochemical pathways involve in severe

tinnitus by gene ontology and gene-set enrichment analyses.
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4. Methods

4.1.

4.1.1.

4.1.2.

Systematic review of extreme phenotype strategies

To achieve the first objective, a systematic review of genetic studies in complex diseases
was performed and it followed Preferred Reporting Items for Systematic Reviews
(PRISMA) guidelines*” and recommendations from the Human Genome Epidemiology

Network (HUGENet) review handbook (https://www.cdc.gov/genomics/hugenet/default.htm).

Search strategy

Literature search for EP strategies was performed on 12 December 2019 using two
bibliographic databases (PubMed and Embase). For EP strategies the keywords
“phenotypic extreme”, “extreme phenotype”, “rare variant” and “genetics” were used to
formulate the search string. The selected keywords could appear in the title, abstract, text
word, author keywords, or MeSH Terms of the articles. The keyword string used for the
literature search in PubMed was: ((((“phenotypic extreme”[Title/Abstract] OR “extreme
phenotype”)[Title/Abstract] AND “rare variant”[Title/Abstract] OR
“genetics”)[Title/Abstract])) OR ((“phenotypic extreme”[Text Word] OR “extreme
phenotype”)[Text Word] AND (“rare variant”[Text Word] OR “genetics”)[ Text Word]))
OR ((“phenotypic extreme” OR “extreme phenotype”) AND (“rare variant” OR
“genetics”) [MeSH Terms]); that for Embase was: (‘phenotypic extreme’: ti, ab, kw OR
‘extreme phenotype’: ti, ab, kw) AND (‘rare variant’: ti, ab, kw OR ‘genetics’: ti, ab, kw)
AND [2009-2019]/py AND [english]/lim. Records published in the last 10 years, studies
in English language, and only human studies were included in the literature search by

configuring filters if available, e.g., on PubMed

Research Question and Selection Criteria

The objective of this systematic review was to assess the evidence supporting the design
of genetic studies using extreme phenotype strategies to find rare or novel variants or
genes involved in complex disorders. According to this hypothesis, the following research
question was formulated as: “Are EP strategies useful to establish the genetic contribution
in complex diseases?”. To answer this question, we followed the ‘“Population,

Intervention, Comparison, Outcome, Study design” (PICOS) strategy:

1. Population: Patients with a complex disease or condition.
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4.1.3.

Tab

2. Intervention: Selection of individuals according to extreme phenotype criteria (i.e.,
early onset, fast progression of disease, very high or very low scores in psychometric
tests, or extreme levels of a biomarker).

3. Comparison: Genetic association studies (genome-wide association studies (GWAS),
WES, genotyping, Sanger sequencing, or targeted sequencing).

4. Outcome: genetic findings reported (rare variants, candidate genes, or pathways

associated with the condition of interest).

Quality assessment of selected studies

The extracted records were screened to remove duplicate entries. The title and abstract of
all articles were reviewed to exclude reviews, meta-analysis, and irrelevant records (non-
genetic studies, pharmacogenomics or clinical studies). The search was conducted
primarily for rare variants, but any type of variants were retained and included in this
systematic review. After screening, the obtained records were considered for full-text
assessment in the next step. To assess the quality of these articles, we formulated 8
questions for EP studies (Table 4). For each question, a positive answer was scored as 1
and a negative answer as 0. Each author classified and rated each record independently of
each other. Differences in the scores were discussed to get a final consensus score. If a
record achieved >60% of the total score, the response to Q8 was “yes”, and the reported
rare variants have a MAF < 0.05, then the record was selected for synthesis. So, only
studies with significant results were included for synthesis. The outcome for each selected
study was assessed according to Q8 and the following criteria: if a given study had found
any rare or de novo variant, common variant, copy number variants, candidate genes, or

pathways for EP subjects, then the major outcome was considered as positive.

le 4. Criteria used to assess the quality of the selected genetic studies using an extreme phenotype
approach.

No.

Question Answer

Q1

Is there a thorough description of the study design? Yes/No

Q2

Has the study described the method of sequencing/genotyping? Yes/No

Q3

Has the study provided information about population ancestry? Yes/No

Q4

Is there any information on the sex of the selected individuals? Yes/No

Q5

Is there any information on the age of disease onset? Yes/No
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Q6 Has the study used extreme phenotype criteria for sample recruitment? Yes/No

Q7 Has the study performed sex-specific analysis for genetic associations? Yes/No

Q8 Has the study reported statistical analysis and significant genetic findings? Yes/No

4.1.4. Data Extraction and Synthesis

The following information was extracted from each article selected for synthesis: first
author’s last name, publication year, disease/disorder name, population ancestry, study design,
sequencing method, EP/disease phenotype criteria, sample size for cases, age of disease onset,
sex of individuals, MAF, and main genetic findings. Moreover, the phenotype criteria and the

main genetic findings for EP were of great interest for synthesis.

4.2. Subjects and definition of phenotype
For the aim 2, individuals were recruited through the Meniere disease Consortium (MeDiC),
a non-profit multicentre crowdsourcing network of clinical reference hospitals that has built
up a database with clinical information and biological samples to investigate the genetic basis
of MD. The diagnosis of patients was performed according to the diagnostic criteria for MD
stated by the International Classification Committee for Vestibular Disorders of the Barany
society®®. The Spanish version of the THI questionnaire® was used to assess the tinnitus
severity and the functional impact of tinnitus on daily life®’. A total of 59 Spanish patients
with chronic and persistent tinnitus were selected from the MeDiC database according to THI
score. Diagnosis and psychoacoustic characterization of chronic tinnitus in patients with MD
was performed by experienced otoneurologists and has been previously reported *%. Thirty
individuals with THI score >76 were classified as Meniere disease-tinnitus extreme
phenotype (MD-EP), 29 individuals with THI > 56 and <76 were defined as Meniere disease-
tinnitus almost extreme phenotype (MD-AEP). An in-house group of MD patients without
persistent tinnitus (N=32) were used as internal controls for this study. The majority of the
cases were sporadic (N=48), for the familial cases selected; only one case per family was
included to prevent stratification. The clinical information of patients with MD and tinnitus

phenotypes is detailed in Supplementary Tables S1 and S2.

To achieve the aim 3, a second independent tinnitus cohort from Sweden was selected as a
replication cohort: the Swedish Tinnitus Outreach Project (STOP)®. STOP participants

originate from the study®*, a population-based cohort. Thus, STOP participants are non-
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clinical and representative of the general population. For this study, blood-derived DNA from
97 individuals with tinnitus “as a big problem” [TFI > 48°°] was used for genome sequencing.
A subgroup of 34 individuals with severe tinnitus was also selected according to the THI > 56
(Supplementary Table S3). We also retrieved rare variant summary statistics data from a third
cohort of patients with epilepsy, the CoGIE cohort, that consisted of 701 individuals with the
diagnosis of Generalised genetic Epilepsy, previously reported®®. The CoGIE cohort was
select as an external control to confirm that the genes associations reported in tinnitus were
not observed in a non-related neurological disorder. All cases and controls were of European

ancestry.

4.3.  Whole-exome sequencing
Whole exome sequencing (WES) was performed on MD-EP, MD-AEP cases and in-house
MD controls. DNA was extracted from blood or saliva samples using quality controls as
previously described®. Exon capture was done with the SureSelectXT Human All Exon V6
(Mb) kit (Agilent), and the sequencing was done using HiSeq 4000 platform (Illumina) or
NovaSeq 6000 platform (llumina). Paired-end reads were generated per sample to provide an
on-target coverage of 100X minimum, with a total coverage of 10GB/sample in HiSeq4000
and 18GB/sample in Novaseq 6000. Read size was 100bp on HiSeq 4000 sequenced samples

and 150 bp on Novase6000 sequenced samples.

4.4. Bioinformatics analysis
Raw reads were stored as FASTQ files for each individual. GATK best practices pipelines
were utilized to generate Binary Alignment Map (BAM) and Variant Calling Format (VCF)
files from raw unmapped reads®®. Human reference genome GRCH37/hg19 was used to align
the reads with the help of Burrows-Wheeler Aligner (BWA-MEM) algorithm. To filter out
low quality single nucleotide variants (SNVs) the recommended hard filter was applied as
"QD<2.0||MQ<40.0|FS>60.0| MQ <40.0| MQRankSum < -12.5 || ReadPosRankSum
< -6.0". The called variants were further filtered out by an in-house MD control dataset
composed of 32 individuals to exclude variants associated with MD. The final list of
remaining variants was functionally annotated using KGGSeq suite *° v1.0 and ANNOVAR

IGO

tool™ 2019Nov04. Variants were annotated for predicted effect on protein function; allele

frequency in public databases (gnomAD, CSVS and dbSNP); and predicted pathogenicity
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with in silico algorithms, including Combined Annotation Dependent Depletion scores
(CADD).

To search for target genes involved in tinnitus, we selected a total of 1886 synaptic genes

(SG) from SynaptomeDB®® (available at http:/metamoodics.org/SynaptomeDB/citation.php), Which

is an ontology-based knowledge base for genes that are encoded in known proteins related
with the synapse. The encoded components of synapse include scaffold proteins, membrane
transporters, cytoskeletal/adhesion proteins, neurotransmitters and its receptors. Additionally,
hearing loss genes (N=152) associated with syndromic and non-syndromic deafness from
Deafness Variation Database (DVD) v.8.1(https:/deafnessvariationdatabase.org/) were also

analysed to separate the potential effect of rare variation in hearing loss genes on tinnitus®
(Supplementary Table S4). In addition to these two gene sets, total number of all human
genes (N=20,000) were also selected for final analysis.

In order to search for variants associated with tinnitus, two types of variant analysis were
performed: single variant analysis (SVA) and gene burden analysis (GBA) for MD-EP and
MD=AEP (Figure 8). We have used three independent datasets as reference population: Non-
Finnish European (NFE) population dataset from gnomAD.v2, NFE from gnomAD.v3® and
a Spanish dataset from Collaborative Spanish Variant Server (CSVS)*.

We also called small insertions and deletions (indels) from MD-EP and MD-AEP patients
and filtered out by in-house controls. The filtering criteria "QD < 2.0 || ReadPosRankSum < -
20.0 || InbreedingCoeff < -0.8 || FS > 200.0 || SOR > 10.0" was applied according to GATK
best-practice guidelines. The remaining list of indels was annotated for allele frequency in
gnomAD and CSVS.

All variants were assessed and evaluated according to the guidelines provided by ACMG and
AMP?". The final filtered list of candidate variants was checked through IGV v.2.8.9 using
BAM files of variant carriers and further validated by Sanger sequencing. In addition,
FLAGS® and pseudogenes were excluded to prioritize the genes. Missense variants and their
associated amino acid change across protein sequence were represented using lllustrator for

biological sequences (IBS)®.
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Figure 8: Flowchart for filtering and prioritization of variants associated with tinnitus in Spanish patients
with Meniere disease-tinnitus extreme phenotype (MD-EP). Single variant and gene burden analyses
were performed in a set of 1886 synaptic genes selected for EP and almost extreme phenotypes (AEP) for
tinnitus. Individuals with MD and no persistent tinnitus were used as an internal control to filter variants
associated with MD.
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4.5,

4.6.

Gene Ontology and gene-set enrichment analysis
For the objective 4, gene ontology (GO) analyses and gene enrichment analyses were

performed using GSEA and MsigDB (https://www.gsea-msigdb.org/gsea/index.jsp) as previously

described °”. This tool uses gene sets or gene expression data to predict molecular pathways
and biological processes. There are three key elements of the methods used by GSEA as
enrichment score, estimation of p-value based on permutation and the calculation of false
discovery rate. Two gene lists generated according to the GBA for SNVs and indels including

24 and 31 genes were used to retrieve signalling pathways and biological processes.

Gene expression analysis using the Allen Brain Atlas
In-situ hybridization (ISH) data in the mouse brain were obtained from the Allen Brain Atlas

data set (http://www.brain-map.org); methods for data collection have been described

previously®®. Antisense expression data were available in coronal and sagittal sectioned brains
for both Ank2 and Tsc2 (4 mice: Ank2, sagittal section = Exp 68844707, coronal section =
Exp 71924087 and Tsc2, sagittal section = Exp 70919985, coronal section = Exp 1431).
Sagittal sections, for both brains, were visually examined and areas of high expression were
noted. These regions were then confirmed via inspection of coronal sections and a good
correspondence was found (every highlighted region was confirmed). To quantify these
findings we obtained these data in a Matlab format™.ISH data for 4,104 genes were
downloaded as mouse brain-wide expression profiles partitioned into 49,742 cubic voxels of
200 micron size ®™.In this format expression energy of a given gene, g, is a weighted sum of

the greyscale-intensity of the pixels within a voxel:

M(p)I
E(v,g) = ZPE% (pi (p)
pev

Where p denotes a given pixel, v a given voxel, I(p) the intensity within a given pixel and
M(p) is a Boolean mask that equals 1 if the gene is expressed at pixel p or a O otherwise.
Coronal data came pre-annotated to allow allocation of each voxel to a given brain region
%870 Mean expression energy for each brain region was simply the mean of the expression
energy for all voxels annotated to fall within this region, likewise for standard deviations and
counts used for calculation of the standard error of mean. The raw annotated voxel data were
also transferred into SPSS to allow statistical testing of the variation in expression data.

Voxels were treated as independent samples of expression within a given brain region and a
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Kruskal-Wallis test performed to determine if expression within different regions differed

statistically.

Expression of genes were also contrasted in order determine if visually observed strong
correspondence of brain wide expression of Tsc2 and Ank2 was statistically significant. First,

for each pair of genes within the set of 4,104 genes a co-expression value was calculated:

ZI)/:l E(Uﬂ g)E(Uv g,)
St Bu,g)? Yy E(w, g')?

CoExpr(g,g’) =

Where V is the total number of voxels. The coexpression values from all gene pairs were used
to estimate the probability distribution of a given coexpression value being obtained. This
distribution was then used to determine if the coexpression of Ank2 and Tsc2 was statistically

significant.

4.7. Statistical analysis
Non-Finnish  European population datasets from gnomAD.v2 (Exomes=56,885;
Genomes=7,718), and gnomAD.v3 (Genomes=32,399), a Spanish population dataset from
CSVS (Exomes=1,942) and a Swedish population dataset from SweGen (Genomes=1000)
were used as control groups (Ameur et al. 2017) to compare the minor allele frequency
(MAF), to calculate the odds ratio (OR) for Spanish MD-EP, MD-AEP and Swedish tinnitus
cohorts. For SVA the OR with 95% CI was calculated for each variant using three control
datasets and p-values were corrected by the total number of variants being compared. For
GBA, total alternate alleles per gene using 2x2 contingency matrixes were calculated for EP,
AEP and control datasets. For each gene, the OR was calculated with 95% CI and two-tailed
p-value was corrected for multiple testing by the total number of genes being compared
following Bonferroni-correction. A corrected p-value <0.05 was considered significant. For

each gene, the EF was also calculated as previously described*®,
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5. Results
5.1. Selection and Characteristics of EP Studies

For the EP strategy, we retrieved 106 records in total, 66 records from PubMed and 40 from
Embase, by using the search strings reported in the search strategy section. After duplicates’
removal, we retained 89/106 records aggregated from the two databases. Next, after screening by
title and abstract of the articles, we retrieved 30/89 records that were included for full-text
assessment. The discarded records were reviews, meta-analyses, non-genetic studies,
pharmacogenomics studies, posters, or abstracts presented at scientific meetings. All studies
including variants with MAF > 0.05, single cases, or <5 patients with EP were excluded. We
performed quality assessment for 30 articles, and 19/30 records surpassed the minimum quality

assessment score and were considered for synthesis (Figure 9).

Figure 9. Flowchart to select extreme phenotype records for synthesis.
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Among the 19 studies selected for synthesis, 16 records were related to physical conditions, 1
was on bipolar disorder, and 2 were related to neurological disorders including epilepsy and
Alzheimer’s disease. All of these studies reported rare variants, candidate genes, or potential
pathways associated with a particular trait using an EP approach. These 19 EP studies covered 18
complex diseases. Information about population ancestry and sample size of cases was available
for all 19 studies. Only 11/19 studies reported the age of disease onset, and 18/19 records
reported the sex of the individuals. The most common criteria to define EP included early onset,
late onset, family history, acute form, and/or fast progression of a disease. In addition, disease-
specific features were also considered to define an EP, such as the worst score in biomarkers
levels including Bone Mass Density (BMD) and spirometry-based severity according to Global
Initiative for Chronic Obstructive Lung Disease (GOLD) grade. The reported sample size was
between 12 and 32,965 individuals. A summary of the characteristics of these 19 EP studies is

shown in Supplementary Table S5.

5.2. Synthesized Findings of EP Studies

In the 19 EP studies, the combination of general and disease-specific EP criteria was used to
select individuals. Information on the study design, sequencing technique, and ancestry
population was available for all 19 studies. The reported sample size varied according to the
design and sequencing method: 1711 + 2513 (mean = SD) for GWAS, 929 + 2389 for
genotyping, 1274 + 9380 for WES, 29 * 9 for targeted sequencing, and 949 + 8742 for Sanger
sequencing. All 19 examined studies using EP to select individuals reported significant findings
including several rare variants, copy number variants, potential candidate genes or pathways
associated with the condition of interest. WES was able to find rare variants in 13/19 studies
(MAF = 0.00-0.05) in identified variants. It also helped in the identification of several novel
candidate genes including TACC2 "', PRKCD, C1QTNF4, DNMT3A "2, LOC728699, and FASTK
%2 GWAS identified a rare variant in 1/19 study (MAF = 0.04). In addition, genotyping and
targeted and Sanger sequencing contributed in the identification of many candidate genes and

micro-deletions.

5.3. Rare missense variants in synaptic genes associated with tinnitus extreme
phenotype in MD patients.

First, we performed a SVA in patients with MD-EP and MD-AEP. The total number of
obtained variants with MAF <0.05 were 2287 for MD-EP and 1610 for MD-AEP,

respectively. Two missense variants were found significantly associated in patients with MD-
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EP after p-correction. The first was a heterozygous variant and it was found in 3 unrelated
individuals located at exon 21 in DAAML1 gene (chrl4:59826182A>C; p.Asn875His;
rs61740455) with MAFs=0.002 and CADD=17.85). The associated second variant was
located at exon 32 in MYH10 gene (chrl7:8397065C>A; p.Alal399Ser; rs149021341;
MAF.s =0.001, CADD= 22), and it was found in 2 individuals and one of the carriers was
homozygous. Both variants were classified as likely benign according to ACMG and AMP
guidelines. These variants were not replicated in the Swedish or CoGIE cohorts and no
further analyses were carried out.

Next, we carried out a GBA in the Spanish MD cohort with MD-EP and MD-AEP. For this,
we selected variants with MAF<0.1 to analyse the combined effect of different common and
rare variants in the same gene. The retained variants in patients were 4625 for MD-EP and
3592 for MD-AEP, respectively after filtering by MD in-house controls to rule out rare
variants associated with hearing or vestibular phenotypes. The GBA of missense variants
showed 24 significant genes in tinnitus MD-EP including PRUNE2, AKAP9, SORBSI,
ITGAX, ANK2, KIF20B, LRPPRS, SYNPO, TSC2 (Table 5), and 18 genes for MD-AEP
(Table 6). Interestingly, none of these genes showed an enrichment of synonymous or 5’UTR
variants in MD-EP (Supplementary Tables S6 and S7); additionally, the genes from
synonymous analysis for MD-AEP are detailed (Supplementary Table S8).
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Table 5: List of synaptic genes showing enrichment of missense variants in Spanish patients with Meniere disease (MD) and
reference datasets (Non-Finnish European from gnomAD.v2 or gnomAD.v3, Spanish from CSVS) were used to compare allelic
Listed genes were significant when they were compared against CSVS reference dataset

Gene svariants gnomAD.v2 EE Corrected | gnomAD.v3 EF Corrected p CSVS

OR(CI) p OR(CI) OR(C
PRUNE2 9 6.02(3.60-10.07) 0.83 1.44E-08 5.89(3.52-9.85) 0.83 2.75E-08 5.40(3
AKAP9 6 12.32(5.48-27.68) 0.92 2.2E-06 13.89(6.17-31.27) 0.93 4.04E-07 6.68(
SORBS1 6 10.93(4.87-24.55) 0.91 1.31E-05 11.52(5.12-25.93) 0.91 6.57E-06 7.73(:
ITGAX 5 73.02(29.68-179.66) 0.99 <1.00E-15 | 61.68(24.88-152.94) 0.98 <1.00E-15 14.29
ANK2 4 18.30(6.78-49.40) 0.95 1.80E-05 19.95(7.36-54.08) 0.95 7.55E-06 21.93f
KIF20B 4 7.76(3.45-17.49) 0.87 1.42E-03 | 8.43(3.74-19.01) 0.88 5.27E-04 16.57|
TSC2 4 63.73(23.35-173.96) 0.98 8.38E-13 53.56(19.47-147.30) 0.98 2.35E-11 21.93|
SPHK2 4 5.47(2.25-13.28) 0.82 NS 5.51(2.27-13.39) 0.82 NS 8.45(2
SYNPO 4 74.87(27.35-204.94) 0.99 <1.00E-15 | 78.43(28.21-218.03) 0.99 <1.00E-15 32.90|
LRPPRC 4 49.75(18.29-135.32) 0.98 3.73E-11 73.20(26.39-203.03) 0.99 4.19E-13 21.93|
XYLT1 4 2.00(0.74-5.38) 0.50 NS 2.09(0.78-5.61) 0.52 NS 10.95(
ALCAM 3 8.22(2.62-25.81) 0.88 NS 9.48(3.01-29.81) 0.89 NS 24.67f
CDH13 3 12.15(4.50-32.85) 0.92 1.60E-03 13.09(4.83-35.46) 0.92 8.05E-04 33.08|
DOCKY 3 52.57(16.54-167.10) 0.98 3.53E-08 70.09(21.61-227.27) 0.99 2.71E-09 24.67f
BIN1 3 56.70(17.82-180.42) 0.98 1.53E-08 73.20(22.54-237.74) 0.99 1.72E-09 49.36|
FLII 3 26.77(8.48-84.44) 0.96 3.87E-05 33.95(10.66-108.12) 0.97 4.64E-06 24.67|
HSPA4L 3 17.41(5.53-54.77) 0.94 1.95E-03 16.71(5.29-52.75) 0.94 2.98E-03 16.44
IQSEC1 3 32.85(10.39-103.82) 0.97 5.12E-06 30.49(9.59-96.94) 0.97 1.32E-05 24.67|
IQSEC3 3 4.16(1.33-13.04) 0.76 NS 4.47(1.43-14.03) 0.78 NS 16.44
LLGL1 3 27.29(10.06-74.03) 0.96 1.57E-07 25.08(9.21-68.31) 0.96 5.53E-07 13.92,
MADD 3 128.54(39.58-417.46) 0.99 1.26E-12 73.20(22.54-237.74) 0.99 1.72E-09 49.36f
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MBP 170.13(51.78-559.02) 0.99 <1.00E-15 | 82.35(25.24-268.68) 0.99 4.99E-10 16.44
MPRIP 82.62(25.77-264.88) 0.99 2.10E-10 78.43(24.09-255.39) 0.99 8.32E-10 49.36f
NRCAM 69.68(21.82-222.56) 0.99 1.49E-09 50.67(15.78-162.74) 0.98 8.07E-08 49.36f
TRAP1 13.72(4.37-43.13) 0.93 1.39E-02 11.27(3.58-35.47) 0.91 NS 24.67f
VCAN 90.37(28.13-290.35) 0.99 7.41E-11 76.61(23.55-249.22) 0.99 1.07E-09 24.67
MYO18A 204.11(72.08-577.95) 0.99 <1.00E-15 | 169.90(58.69-491.88) 0.99 <1.00E-15 33.08f
MYOS5A 13.72(4.37-43.13) 0.93 1.39E-02 16.97(5.37-53.37) 0.94 2.62E-03 16.44
PPP1R9A 171.57(51.97-566.41) 0.99 <1.00E-15 | 127.78(38.15-427.99) 0.99 7.12E-12 24.87f
CCDbC22 7.38(2.72-20.04) 0.86 NS 8.37(3.08-22.75) 0.88 NS 14.06
EPX 8.17(3.01-22.19) 0.88 NS 8.69(3.20-23.64) 0.88 4.28E-02 11.61

45

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Table 6: List of synaptic genes showing enrichment of missense variants in Spanish patients with Meniere disease (MD) and til
Three reference datasets (Non-Finnish European from gnomAD.v2 or gnomAD.v3, Spanish from CSVS) were used to compar
cohort. Listed genes were significant when they were compared against CSVS reference dataset

Gene #Variants gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(CI)
ITGAX 5 65.65(28.87-149.28) 0.98 <1.00E-15 65.79(28.66-151.06) | 0.98 <1.00E-15
KIAA1549 5 10.18(4.19-24.69) 0.90 5.46E-04 11.82(4.86-28.76) 0.92 9.62E-05
GOLGB1 4 41.14(15.16-111.66) 0.98 5.60E-10 41.32(15.11-113.01) | 0.98 7.87E-10
GPR158 4 13.80(5.12-37.20) 0.93 4.06E-04 14.70(5.44-39.75) 0.93 2.24E-04
WFS1 4 10.77(4-29.02) 0.91 4.90E-03 12.51(4.63-33.80) 0.92 1.19E-03
WNK1 4 21.10(7.81-57.01) 0.95 3.40E-06 17.88(6.60-48.43) 0.94 2.63E-05
PPFIAL 4 92.82(33.78-255.07) 0.99 <1.00E-15 85.78(30.79-238.97) | 0.99 <1.00E-15
RIN1 4 35(12.91-94.86) 0.97 5.22E-09 30.50(11.20-83.04) 0.97 4.25E-08
TAOK2 4 27.05(10-73.16) 0.96 1.57E-07 21.95(8.09-59.54) 0.95 2.46E-06
CAD 3 6.07(1.94-19.05) 0.84 NS 5.86(1.87-18.41) 0.83 NS
FASN 3 7.09(2.26-22.26) 0.86 NS 7.19(2.29-22.60) 0.86 NS
KIF5A 3 27.83(8.82-87.84) 0.96 2.65E-05 27.71(8.73-87.96) 0.96 3.27E-05
ANK1 3 30.85(9.77-97.44) 0.97 9.63E-06 25.06(7.90-79.44) 0.96 8.39E-05
LMO7 3 35.35(13.01-96.10) 0.97 5.24E-09 47.13(17.14-129.56) | 0.98 1.54E-10
MYO1C 3 12.78(4.73-34.56) 0.92 9.65E-04 11.92(4.40-32.29) 0.92 2.06E-03
PLXNAZ 3 99.12(35.92-273.54) 0.99 <1.00E-15 120.34(42.48-340.89) | 0.99 <1.00E-15
PTPRS 3 16.95(5.39-53.32) 0.94 2.46E-03 17.75(5.62-56.06) 0.94 1.80E-03
RYR2 3 153.52(46.99-501.54) 0.99 <1.00E-15 106.56(32.32-351.29) | 0.99 3.22E-11
SPHK2 3 6.09(2.50-14.84) 0.84 NS 6.35(2.60-15.50) 0.84 NS
TRAP1 3 42.75(13.49-135.49) 0.98 3.31E-07 32.77(10.30-104.30) | 0.97 6.50E-06
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UNC13A 3 18.75(5.96-59.03) 0.95 1.03E-03 11.16(3.55-35.15) 091 NS

ST14 2 60.38(18.87-193.23) 0.98 9.15E-09 61.41(18.94-199.08) 0.98 1.28E-08

CRMP1 2 3.34(1.75-6.39) 0.70 NS 3.56(1.86-6.81) 0.72 NS

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by n
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The most significant finding for MD-EP was an enrichment of missense variants in the ANK2
gene, against NFE population from gnomAD.v2 [OR=18.30(6.78-49.40), EF=0.95,
corrected-p=1.80E-05], gnomAD.v3 [OR=19.95(7.36-54.08), EF=0.95, corrected-p=7.55E-
06] and Spanish population from CSVS [OR=21.93(7.02-68.48), EF=0.95, corrected-
p=2.02E-04]. In ANK2, four different missense rare variants were found in 3 different
sporadic cases; three of the variants were novel and they have not been reported in gnomAD
or CSVS databases. The variant 4:114294537G>A; exon 45 was found only in one case and
two of the novel variants 4:114277102T>G; exon 38 and 4:114294509G>C; exon 45 were
carried by the same patient. The third novel variant 4:114262911A>G was located at exon 33
(Table 7).

In the next step, we selected missense variants with CADD>20 from synaptic genes in MD-
EP (561 SNV) and MD-AEP (560 SNV) for the GBA. We obtained 7 genes including ANK2,
SPTB, BIN1, FLII, TSC2, CDH13 and MYO18A with significant burden of rare pathogenic
variants (Table 8), and 9 genes (DMD, GOLGB1, MYO1C, OGDHL, PPFIAL, PTPRS, RYR2,
ST14, TRAP1) significant for AEP (Supplementary Table S9), when they were compared

with reference datasets.

5.3.1. Indel analysis

We also performed a SVA and GBA of indels in SG from Spanish patients with MD-EP and
MD-AEP. Indels were further filtered out by in-house controls. A total of 1565 indels
(MAF<0.05) for SVA, and 2370 indels (MAF<0.1) for the GBA were retrieved for the MD-
EP, and 1404 indels for SVA (MAF<0.05) and 1693 (MAF<0.05) for GBA in the MD-AEP
group, respectively. We found an enrichment of indels in 31 genes in the MD-EP
(Supplementary Table S10), including TSC2, AKAP9 and several other genes and 48 genes in
the MD-AEP (Supplementary Table S11), when data were compared with European
reference datasets (gnomAD.v2 and gnomAD.v3). Unfortunately, we cannot compare the
allelic frequencies in MD-EP or MD-AEP for indels CSVS, since the number of indels
reported in CSVS dataset is low and it will overestimate the burden.

We also compared rare, Loss-of-Function (LoF) variants including nonsense, splice-site and
frameshift small insertions and deletions in the SG set for MD-EP andMD-AEP. We found
61 LoF variants in the MD-EP (19 nonsense, 5 splice-site and 37 frameshift indels); and 25
LoF variants in the MD-EP (12 nonsense, 3 splice-site and 10 frameshift indels). However,
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the number of nonsense or novel splice-site variants found was small, and no significant
burden of LoF variants was found in MD-EP or in MD-AEP.
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Table 7: Rare missense variants found in the gene burden analysis for ANK2 gene in Spanish patients

phenotype (MD-EP) and Swedish patients with severe tinnitus

Spanish MD-EP cohort (N=30)

MAF MAF NFE MAF.
Pos Exon | rsID (MD-EP) gnomAD.v2 | gnomAD.v3 CSVS CADD
4:114262911:A>G 33 - 0.0167 - - - 23.2
4:114277102:T>G 38 - 0.0167 - - - 24.1
4:114294509:G>C 45 - 0.0167 - - - 25.7
4:114294537:G>A 45 rs45454496 0.0167 0.0037 0.0034 0.003 25.4
Swedish tinnitus cohort (N=97)

MAF MAF NFE MAF.
Pos Exon | rsID (Swedish cohort) gnomAD.v2 | gnomAD.v3 SweGen CADD
4:114275980:G>A 38 5149645600 | 0.0052 0.0013 0.00113 0.001 23.1

0.0206
4:114276906:G>A 38 rs141191319 0.0039 0.0034 0.0095 791
4:114277914:G>A 38 1s753223319 0.0052 2.65E-05 - - 12.84
4:114278016:C>A 38 rs764914059 | 0.0052 8.95E-06 - - 9.27
4:114278128:C>T 38 rs145895389 | 0.0052 0.003 0.0031 0.0035 3.78
4:114279628:T>C 38 1s36210417 0.0258 0.0107 0.0110 0.0065 25
4:114294462:C>T 45 rs121912706 | 0.0052 0.0017 0.0016 0.003 35




4:114294537:G>A | 45 1545454496 | 0.0052 0.0037 0.0034 0.004 25.4
Swedish severe tinnitus cohort (N=34)

MAF MAF NFE MAF.
Pos Exon | rsiD (Swedish cohort) gnomAD.v2 gnomAD.v3 SweGen CADD
4:114276906:G>A | 38 1s141191319 | 0.0294 0.0039 0.0034 0.0095 | 7.91
4:114278016:C>A | 38 1s764914059 | 0.0147 8.95E-06 - - 9.27

VUS= Variant of uncertain significance
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Table 8: Synaptic genes showing enrichment of missense variants with CADD>20 in Spanish patients with Meniere dise:
(MD-EP). Listed genes were significant when they were compared against CSVS reference dataset

. gnomAD.v2 gnomAD.v3 CSVsS
Gene #variants EF Corrected p EF Corrected p
OR(CI) OR(CI) OR(CI)

ANK2 4 18.30(6.78-49.40) 0.95 1.80E-05 19.95(7.36-54.08) 0.95 7.55E-06 21.93(7.02-¢
SPTB 4 23.36(8.64-63.12) 0.96 9.86E-07 25.23(9.29-68.54) 0.96 4.60E-07 10.95(3.77-
ARHGAP23 | 3 11.28(3.59-35.43) 0.91 NS 7.57(2.41-23.80) 0.87 NS 24.67(6.49-
BIN1 3 56.70(17.83-180.42) 0.98 1.53E-08 73.20(22.54-237.74) 0.99 1.72E-09 49.36(10.97
FLII 3 26.77(8.48-84.44) 0.96 3.87E-05 33.95(10.66-108.12) 0.97 4.64E-06 24.67(6.49-
TRAP1 3 13.72(4.37-43.13) 0.93 1.39E-02 11.27(3.58-35.47) 0.91 NS 24.67(6.49-
TSC2 3 50.73(15.97-161.15) 0.98 5.22E-08 42.77(13.37-136.83) 0.98 4.60E-07 24.67(6.49-
CCDC22 2 7.38(2.72-20.04) 0.86 NS 8.37(3.08-22.75) 0.88 NS 14.06(4.71-
CDH13 2 19.69(6.22-62.27) 0.95 7.45E-04 21.28(6.69-67.65) 0.95 4.17E-04 49.77(11.02
FASN 2 8.94(2.83-28.18) 0.89 NS 7.20(2.28-22.73) 0.86 NS 16.57(4.62-
MYO18A 2 153.51(46.73-504.26) 0.99 1.00E-15 127.78(38.15-427.99) 0.99 7.12E-12 24.87(6.52-

OR (ClI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordere
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5.4. Replication of ANK2, AKAP9 and TSC2 in a Swedish tinnitus cohort with
severe tinnitus

First, we selected all significant genes from MD-EP analysis to investigate if the burden
of missense variants found could be replicated in a Swedish tinnitus cohort including 97
individuals. We used three different population datasets as reference controls (gnomAD.v2,
gnomAD.v3 and SweGen). The observed MAF for each gene was calculated and compared
with controls, whilst p-values were corrected by the total number of variants per gene. Six
genes ANK2, MYO18A, MADD, KIF20B, MPRIP, MBP and NRCAM showed an enrichment
of missense variants. Subsequently, we selected a subset of 34 patients with severe tinnitus
(THI score >56) and found a burden of missense variants in ANK2, AKAP9 and TSC2 genes
(Table 9). Missense variants identified in the GBA for ANK2 gene are previously detailed in
Table 7; most of these variants are clustered around exons 38 to 45 across the gene sequence
(Figure 10). Tables 10 and 11 listed missense variants found in the GBA for AKAP9 and
TSC2 genes in Spanish and Swedish patients with tinnitus. Rare variants found in ANK2 and

TSC2 genes were also validated by Sanger sequencing (Supplementary Figures S1 and S2)

In addition, we used an independent cohort of generalised genetic epilepsy to determine if the
association of ANK2, TSC2 and AKAP9 genes with severe tinnitus was a non-specific
finding, since some neurological disorders such as epilepsy could also share some common
genetic background with tinnitus. For this, we performed a GBA using the same SG list in
this epilepsy cohort, but none of the genes showed a significant enrichment of missense
variants strongly suggesting the genes captured here are tinnitus-specific.

Lastly, we performed GBA of indels in the Swedish cohort using SG with MAF<0.1. We
found 2 genes (APC and CLASP2) in the tinnitus cohort (N=97), and 6 genes (AGL, APC,
CLASP2, PC, ACACA and APPL2) in subgroup with severe tinnitus (N=34), showing a
significant burden of indels when compared with European (gnomAD) and Swedish

reference data (SweGen) (Supplementary Table S12).
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Table 9: Swedish Tinnitus replication cohort, Synaptic genes showing an enrichment of missense rare variants in Swedish patie

without diagnosis of MD

Gene #Variants [Oggc()gS\D.VZ] EF ;:orrected gjgc()én@D.vﬂ EF Corrected p E)Sl\évzegt;n]

Non selected Tinnitus (N=97)

ANK2 8 3.20(1.92-5.33) 0.69 | 6.25E-05 3.28(1.97-5.47) 0.70 4.08E-05 2.83(1.59-5.02)
MYO18A 5 5.99(2.84-12.64) 0.83 | 1.34E-05 5.94(2.81-12.57) 0.83 1.61E-05 6.60(2.55-17.07)
MADD 4 4.99(2.23-11.17) 0.80 | 3.78E-04 4.78(2.13-10.73) 0.79 6.04E-04 3.89(1.52-9.97)
KIF20B 4 4.99(2.06-12.06) 0.80 | 1.45E-03 4.89(2.02-11.87) 0.80 1.77E-03 3.70(1.33-10.30)
MPRIP 3 35.36(11-113.70) 0.97 | 6.53E-09 28.77(8.82-93.82) 0.97 7.60E-08 15.54(2.59-93.19)
MBP 2 12.95(3.18-52.76) 0.92 | 7.04E-04 35.34(8.20-152.23) 0.97 3.43E-06 10.36(1.45-73.74)
NRCAM 2 47.15(11.13-199.77) 0.98 | 3.37E-07 111.91(22.52-556.20) 0.99 1.62E-08 20.72(1.87-229.04)
Severe tinnitus (N=34)

AKAP9 3 4.93(2.03-12) 0.80 | 1.29E-03 5.80(2.38-14.12) 0.83 3.20E-04 3.32(1.31-8.47)
TSC2 2 13.92(4.41-43.93) 0.93 | 1.4E-05 10.97(3.47-34.66) 0.91 9.02E-05 12.87(3.29-50.31)
ANK2 2 11.51(3.65-36.28) 0.91 | 6.06E-05 13.20(4.17-41.78) 0.92 2.26E-05 4.73(1.38-16.17)

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are



Figure 10: Distribution of rare variants across ANK2, AKAP9 and TSC2 genes found in the gene burden analysis
in Spanish patients with Meniere disease-tinnitus extreme phenotype (MD-EP) and Swedish tinnitus cohorts. Each
octagon/circle indicates the position of the involved amino acid in the protein sequence
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Table 10: Rare missense variants found in the gene burden analysis for AKAP9 gene in Spanish patients with Meniere disease
and tinnitus extreme phenotype (MD-EP) and Swedish patients with severe tinnitus

Spanish MD-EP tinnitus cohort (N=30)

(PS4,PM2,PP3,BP1)

MAF
MAF NFE MAF. Amino acid
Pos Exon | rsID (MD- CSVS CADD | ACMG h
EP) gnomAD.v2 | gnomAD.v3 change
Benign
7:91622303:G>C 5 rs144888041 0.0167 0.0026 0.0030 0.008 20.1 E170D
(PS4,BS1,BS2,BP1,BP4)
Benign
7:91631849:A>G 8 rs746429266 0.0167 0 0 0.001 17.79 K873R
(PS4,BS1,BS2,BP1,BP4)
Benign
7:91643610:G>A 10 rs139965373 0.0167 0.0004 0.0004 0.001 25 A1194T
(PS4,BS1,BS2,BP1,BP4)
Benign
7:91670121:G>A 18 rs148146011 0.0167 0.0003 0.0001 0.002 228 R1609K
(PS4,BS1,BS2,BP1,BP4,BP6)
Benign
7:91700267:T>C 28 rs76177450 0.0167 0.0049 0.0038 0.003 16.42 S2186P
(PS4,BS1,BS2,BP1,BP4,BP6)
Benign
7:91732039:G>C 46 rs143306820 0.0167 4.48E-05 3.10E-05 - 244 M3743I
(PS4,PP3,BS1,BS2,BP1)
7:91574215:CT/C- - rs1309343726 0.0179 0.0006 0.0006 - - Benign( PS4,BS1,BS2,BP4) €.48+3755delT
7:91659313:AT/A- - 1s779223487 0.0179 0.0002 0.0001 - - (Benign PS4,BS1,BS2,BP4) €.4245+13delT
7:91706410:CT/C- - rs370936884 0.0179 0.0009 0.0003 - - (Benign PS4,BS1,BS2,BP4) €.6765+106del T
Swedish tinnitus cohort (N=34)
MAF
) MAF NFE MAF. Amino acid
Pos Exon | rsID (Swedish SweGen | CADD | ACMG
cohort) | 9nomAD.v2 | gnomAD.v3 change
Benign
7:91603115:C>T 2 rs35669569 0.0441 0.0133 0.011 0.0205 0.009 H47Y
(BS1,BS2,BP1,BP4,BP6)
7:91712609:A>C 33 rs144875383 0.0147 0.0019 0.0018 0.002 0.211 Benign (BS1,BS2,BP1,BP4) K2762N
Pathogenic
7:91727526:G>A 43 - 0.0147 - - - 32 E3571K

ACMG=American college of medical genetics and genomics, VUS= Variant of uncertain significance
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Table 11: Rare missense variants found in the gene burden analysis for TSC2 gene in Spanish patients with Meniere dis

(MD-EP) and Swedish patients with severe tinnitus

Spanish MD-EP tinnitus cohort (N=30)
MAF
MAF NFE MAE.
Pos Exon | rsID (MD- cSvs CADD | ACMG
EP) gnomAD.v2 | gnomAD.v3
16:2110765:C>T 11 rs150195368 | 0.0167 0.0006 0.0009 - 2338 Likely benign (PS4,PP,BS2,B}
Likely patho
16:2129140:C>T 27 - 0.0167 - - - 21.7
(PS4,PM2,PP2,PP3)
VUS
16:2133726:C>T 33 rs45517320 0.0167 6.09E-05 7.74E-05 0.001 14.01
(PS4,PM5,PP2,BS1,B52,BP4,
Likely patho
16:2138096:C>T 40 rs45517391 0.0167 0.0004 0.0003 0.002 232
(PS4,PM1,PP2,PP3,BS2)
16:2114151:C/I+TG - rs754285275 0.0179 0.0003 0.0002 - - Likely pathogenic (PS4,PM2,E
16:2123243: G/+T - rs141745833 | 0.0179 0.0003 0.0007 - - Benign (PS4,BA1,BP4)
16:2127041:C/+TA - rs200120767 | 0.0179 0.0018 0.0023 - - Likely pathogenic (PS4,M2,PF
16:2130492: G/+T - rs112025110 | 0.0179 0.0048 0.0051 - - Benign (BA1,BP4)
16:2136476:CA/C- - rs142421783 | 0.0179 0.0006 0.0006 - - Benign (PS4,BA1BP4,BP6)
Swedish tinnitus cohort(N=34)
MAF | MAF NFE MAF.
Pos Exon | rsID (Swedish SweGen | CADD | ACMG
cohort) gnomAD.v2 | gnomAD.v3
16:2129044:C>T 27 rs137854410 | 0.0147 3.60E-05 4.64E-05 - 33 VUS (PS4,PP2,PP3,BS2,BP6)
16:2138546:G>A 42 rs45517419 0.0294 0.0032 0.0040 0.0035 | 1.823 | Benign (PP2,BS1,BS2,BP4,BF

VUS= Variant of uncertain significance
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5.5.  Rare missense variants in hearing loss genes associated with tinnitus extreme
phenotype in Meniere disease
Next, we performed GBA of missense variants using hearing loss genes in patients with MD.
We obtained 305 variants from MD-EP and 313 from MD-AEP with MAF<0.1, respectively.
The 6 genes included USH1G, ILDR1, OTOA, PCDH15, CACNALD and NARS2 found
significant in MD-EP (Supplementary Table S13) and 4 genes showed significant enrichment
in MD-AEP (Supplementary Table S14)

To replicate the burden of rare variants found in hearing loss genes in MD-EP patients, we
selected a subset of 62 patients with self-reported hearing problems from the Swedish cohort.
Then, we performed a GBA in the 6 hearing loss genes USH1G, ILDR1, OTOA, PCDH15,
CACNALD and NARS2, however, none of these genes showed an enrichment of missense

variants in this cohort.

5.6. Gene ontology and Gene-set enrichment analysis in patients with tinnitus

We selected a total of all 55 significant genes from MD-EP to perform GO and gene-set
enrichment analysis including 24 genes with enrichment of missense variants and 31 genes
with enrichment of indels analysis. Two genes (TCS2 and AKAP9) had a burden of missense
and structural variants and were in both gene lists. Using this selection, we found a total of 5
significant molecular pathways enriched in Reactome and 10 significant biological processes
enriched in GO database. The significant pathways are membrane trafficking, vesicle-
mediated transport, nervous system development, LICAM interactions and Clathrin-mediated
endocytosis (Figure 11, Table 12). GO biological processes analysis revealed a significant
enrichment of genes involved in the regulation of cytoskeletal protein binding (GO:0008092;
p=4.49E-19), synapse (GO:0045202;p=6.48E-19), actin filament-based process
(GO:0030029;p=7.71E-18), neuron projection (GO:0043005;p=1.48E-17), cytoskeleton
organization (GO:0007010;p=4.11E-16), actin cytoskeleton (G0:0015629;p=8.77E-14),
regulation of transport (GO:0051049;p=1.07E-12), cellular component morphogenesis
(G0O:0032989;p=1.67E-12), postsynapse (GO:0098794;p=1.83E-12) and axon formation
(GO:0030424;p=1.94E-12)(Supplementary Table S15).
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Figure 11: Gene ontology (GO) and gene-set enrichment analysis in synaptic genes
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These analyses were performed using 55 genes obtained in the gene burden analysis of MD-EP. GSEA tool was used to
obtained molecular pathways and biological processes.

Table 12: The detailed information of GO results obtained for biological processes and pathways in MD-EP and
MD-AEP in synaptic genes

Biological process # Genesin Gene | # Genes in | k/K p-value FDR g-value
Set (K) Overlap (k)
Axon 643 13 0.0202 1.94E-12 1.99E-09
Postsynapse 640 13 0.0203 1.83E-12 1.99E-09
Cellular component morphogenesis | 800 14 0.0175 1.67E-12 1.99E-09
Regulation of transport 1856 19 0.0102 1.07E-12 1.57E-09
Actin cytoskeleton 503 13 0.0258 8.77E-14 1.50E-10
Cytoskeleton organization 1396 20 0.0143 4.11E-16 8.44E-13
Neuron projection 1366 21 0.0154 1.48E-17 3.80E-14
Actin filament based process 804 18 0.0224 7.71E-18 2.64E-14
Synapse 1357 22 0.0162 6.48E-19 3.33E-15
Cytoskeletal protein binding 979 20 0.0204 4.49E-19 3.33E-15
Pathway g;?{gs in Gene Zve?l?al rlge?k) in | k/K p-value FDR g-value
Clathrin-mediated endocytosis 145 5 0.0345 1.44E-06 6.90E-04
L1CAM interactions 121 5 0.0413 5.90E-07 4.23E-04
Nervous system development 580 9 0.0155 6.59E-08 6.30E-05
Vesicle-mediated transport 724 13 0.018 8.52E-12 1.22E-08
Membrane Trafficking 629 13 0.0207 1.47E-12 4.22E-09
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5.7.

ANK?2 gene expression profile in the mouse brain

In-situ hybridization (ISH) data in the mouse (Ank2: n=2, Tsc2: n=2, one coronally and one
sagittally sectioned each) obtained from the Allen brain atlas demonstrated strong Ank2 and
Tsc2 expression in a number of brain regions (no such data were available for Akap9, Figures
10&11). Visual inspection revealed strong expression of both genes in the cortex,
hippocampus (pyramidal layer of CA1, CA2 and CA3 and the granule cell layer of the
dentate gyrus), olfactory bulb (the granule and mitral layers) and cerebellum. In addition, to
subregions of other brain regions, notably: Tenia tecta, the epithalamus (especially the medial
habenula), piriform area (layer 2) and the magnocellular mucleus (Supplementary Figure 3A-
D). These ISH data are available pre-rendered into a three-dimensional annotated reference

volume® of 200 micron voxels containing the maximal-intensity value within each®.

This allowed quantitative analysis of gene expression across 209 registered brain regions (e.g.
see Figure 4C-D). Ank2 ISH data revealed significant variations in expression across brain
regions (voxels were grouped by brain region and compared, Kruskal-Wallis, p<0.001).
Mean expression was ranked across brain regions confirming the strongest expression in a
number of regions (Figure 12E), including: olfactory areas (piriform area, tenia tecta and
accessory olfactory bulb), the pallidum (ventral regions, particularly: the magnocellular
nucleus and caudal regions, particularly: the bed nucleus of the anterior commissure and the
bed nuclei of the stria terminalis), the epithalamus (particularly: medial habenula), the
hippocampus (dentate gyrus and the pyramidal layers of Ammon’s horn, i.e. CA) the
hypothalamus (periventricular regions, particularly: anteroventral periventricular nucleus,
parastrial nucleus, anteroventral preoptic nucleus and medial preoptic nucleus, and the
hypothalamic medial zone, particularly: the ventral premammillary nucleus), the striatum
(ventral regions, particularly: the olfactory tubercle and the lateral septal complex,

particularly the lateral septal nucleus) and the cortex.

In addition, strong expression was observed in pontine gray and tegmental reticular nucleus.
Similarly, Tsc2 showed significant variations in expression (Kruskal-Wallis, p<0.001) with
the strongest expression in: olfactory areas (accessory olfactory bulb, tenia tecta, piriform
area, the nucleus of the lateral olfactory tract, anterior olfactory nucleus and the postpiriform
transition area), the pallidum (ventral regions, particularly: the magnocellular nucleus), the

thalamus (epithalamus, particularly: medial habenula, and the peripeduncular nucleus), the
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hippocampus (dentate gyrus and the pyramidal layers of Ammon’s horn, i.e. CA) the
hypothalamus (arcuate hypothalamic nucleus), the striatum (the olfactory tubercle) and the

medulla (parapyramidal nucleus).

There was a marked similarity in the brain wide expression of Ank2 and Tsc2, this could
potentially suggest a common mechanism or brain regions of interest. To confirm this
coexpression of 4,104 genes in the mouse brain were compared. These data were used to
build a probability distribution for deriving a given amount of coexpression, based on this
coexpression of Ank2 and Tsc2 was found to be highly significant (coexpression = 0.9031, p
= 0.0091). In order to identify the brain regions with high coexpression brain wide expression
profiles were normalised and multiplied (see methods) allowing a brain wide coexpression

map (see Figure 13A).

This revealed the strongest coexpression in: olfactory areas (piriform area, tenia tecta,
accessory olfactory bulb, anterior olfactory nucleus and the nucleus of the lateral olfactory
tract), the hippocampus (dentate gyrus and the pyramidal layers of ammon’s horn), the
epithalamus (particularly: medial habenula), the pallidum (ventral regions, particularly: the
magnocellular nucleus), the striatum (ventral regions, particularly: the olfactory tubercle and
anterior amygdalar area), the cerebral cortex (analysis of cortical layers revealed strong
expression for both in layers 2/3, 5 and 6a but not in layers 1 and 4) and the hypothalamus
(periventricular regions, particularly: anteroventral periventricular nucleus, anteroventral
preoptic nucleus and medial preoptic nucleus, and the hypothalamic medial zone,

particularly: the ventral premammillary nucleus).
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Figure 12: Brain wide expression profiles of Ank2 and Tsc2 in the mouse brain taken from in-situ hybridization

data from the Allen Brain Atlas data set (http://www.brain-map.org).
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Sagittal sections of expression in the adult mouse (P56) brain for both A) Ank2 and B) Tsc2. Strong expression for both genes is found in a number of
brain regions, including: CTX = Cortex, HC = Hippocampus, CB = Cerebellum, MH = Medial habenula, TT = Taenia tecta. Coronal sections (C and
D, left panels) were taken from Allen Brain Atlas in a pre-rendered to fit an annotated format (C and D, right panels) allowing easy identification
expression in different brain regions. This was used to identify brain regions demonstrating strongest expression (E and F, see text for details). PA =
piriform area, MA = magnocellular nucleus, EPI = epithalamus, DG = dentate gyrus, AVPV = anteroventral periventricular nucleus, OT = olfactory
tubercle, PS = parastrial nucleus, TT = tenia tecta, AVP = anteroventral preoptic nucleus, STVr = Striatum, ventral region, BAC = bed nucleus of the
anterior commissure, PALv = pallidum, ventral region, BST = bed nuclei of the stria terminalis, LS = lateral septal nucleus, MPN = medial preoptic
nucleus, LSX = lateral septal complex, CTX = cortex, AOB = accessory olfactory bulb, PMv = ventral premammillary nucleus, TRN = tegmental
reticular nucleus, PP = peripeduncular nucleus, NLOT = nucleus of the lateral olfactory tract, ARH = arcuate hypothalamic nucleus, PP =
peripenducular nucleus, TR = postpiriform transition area, RHP = retrohippocampal region, PPY = Parapyramidal nucleus.
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Figure 13: Significant brain wide co-expression of Ank2 and Tsc2 was found in the mouse brain (see text).
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A) Mean across-section (sagittal, coronal and axial planes) co-expression of Ank2 and Tsc2. Colorbar indicates strong coexpression in yellow.
B) Mean coexpression in 209 brain regions was calculated and ranked revealing the top 20 brain regions where Ank2 and Tsc2 were co-expressed.
Coronal sections revealing layer specific Ank2 expression in the cortex (C, left panel), mean expression for each cortical layer (across the whole brain)
was calculated (C, right panel) revealing strongest expression in layers 2/3, 5 and 6a. Coronal sections revealing layer specific Tsc2 expression in the

cortex (D, left panel), mean expression for each cortical layer (across the whole brain) was calculated (D, right panel) revealing strongest expression
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5.8. Hypothesis free data-driven approach with tinnitus extreme phenotype in

Meniere disease

In hypothesis free data-driven approach the phenotype, disease or pathways associated with
genes are completely unknown. For hypothesis free analysis, we have performed GBA with
missense and synonymous variants for MD-EP and MD-AEP against all genes in the human
genome (N=20,000)". The bioinformatics analyses, MAF and statistical approach were same
as of synaptic gene approach. The p-values were corrected by the total number of genes. The
most significant gene from GBA for MD-EP is ADGRV1 which showed enrichment of
missense variants, but not for synonymous variants (Supplementary Table S16 and S17). The
genes in Supplementary Table S16 were further filtered out to exclude genes previously
associated with hearing loss in familial and sporadic MD cases. The genes with burden of
rare variants in familial MD include ACAN, SPTALl, ALDH16Al, ZNF142, CFAPG65,
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ARHGAPS8, CACNALS, MYOT7A, TICRR, CCDC40, LAMC3, KIF17, OPRM1, KIF26A,
KIF14, OTOG, NOS1, KIF26B, SPTB, UNC5B, GPR179, LY75, MYBPC2, MYH7B, LRRN4,
ANKAR, ATR, CFH, DNAH14 and GEMIN4. The genes with burden of rare variants in
sporadic MD include ADGRV1, SEC16A, STARDY, PIEZO1, SPTA1, TRIOBP, ZNF469,
COL18A1, DLEC1, MYH7B, NBEAL1, PNPLA7, PRUNE2, COL20A1, SCNN1D, ABCC12,
ADAMTSL4, AFF1, ALKBHS8, BDP1, CAPN15, CCDC171, CPAMDS8, MYCBPAP, NID1,
OTOGL, PTPN21, TNRC18, TRPV1 and ABCAG.

The genes excluded from Supplementary Table S16 were ACAN, MYH7B, SPTB, CACNALS,
NOS1, ADGRV1, PRUNE2, ZNF469, SEC16A and TRPVL1. The list of genes obtained is
detailed in Supplementary Table S18 and it includes only genes with burden of rare and

common variants for severe tinnitus, but not for hearing loss.

The GBA results for MD-AEP with missense and synonymous variants are detailed in
Supplementary Tables S19 and S20, respectively. The Supplementary Table S19 was also
filtered out to exclude genes previously associated with hearing loss in familial and sporadic
MD cases. The excluded genes from Supplementary Table S19 include ZNF469, STARD9,
CFH, NBEAL1 and CCDC40. The list of genes obtained is detailed in Supplementary Table
S21 and it includes only genes with burden of rare and common variants for severe tinnitus,

but not for hearing loss.

5.8.1. Main genes found in the hypothesis-free driven analysis

5.8.2.

The main gene identified in the hypothesis-free driven approach was ADGRV1. We have
identified 9 missense variants carried by 7 unrelated individuals with MD-EP. This gene
encodes adhesion G protein-coupled receptor vl and highly expressed in central nervous
system, but also in the ankle links among stereocilia in the cochlear and vestibular hair
cells™. The G protein contains 7-transmembrane receptor domain and is responsible for
calcium binding”. ADGRV1 has unestablished function but in ectodomain the multiple
calcium exchangers b-repeat may mediate the calcium through protein-protein interaction.
ADGRV1 has been previously reported for Usher syndrome type’® 2, nonsyndromic deafness

in 12 Chines Han families’’ , epilepsy/familial febrile Seizure™.

Gene ontology and Gene-set enrichment analysis in patients with tinnitus

The gene ontology and gene set enrichment was performed using GSEA as detailed
previously in section 4.5. All significant genes that showed an enrichment of missense
variants from MD-EP and MD-AEP were combined together (N=201). This final list of genes
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was used for gene ontology and gene-set enrichment analysis. The top pathways include
cytoskeletal protein binding, and most significant biological processes were post translational
protein binding and membrane trafficking, Figure 14. These results show an overlap and
consistency with the previous GO analysis results obtained with the synaptic gene set, since
the overlap pathways are (membrane trafficking and vesicle-mediated transport) and
biological process are cytoskeletal protein binding, cytoskeleton organization and neuron

projections).

Figure 14: Gene ontology (GO) and gene-set enrichment analysis in severe tinnitus by using all genes with
enrichment of rare variants in the human genome
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Table 12: The detailed information of results obtained for biological processes and pathways in MD-EP and MD-
AEP by using all genes with enrichment of rare variants in the human genome

Biological process # Genesin Gene | # Genes in | k/K p-value FDR g-value
Set (K) Overlap (k)
Cytoskeletal protein binding 979 29 0.0296 | 2.10E-14 2.16E-10
Cytoskeleton organization 1396 30 0.0215 | 2.39E-11 1.23E-07
Biological adhesion 1481 30 0.0203 | 9.96E-11 3.41E-07
Cell adhesion via plasma 277 14 0.0505 | 1.75E-10 | 4.50E-07
membrane adhesion molecules
Cell projection organization 1588 30 0.0189 | 5.21E-10 1.07E-06
Homophilic cell adhesion via
plasma membrane adhesion 168 11 0.0655 | 1.10E-09 1.88E-06
molecules
Neuron projection 1366 27 0.0198 | 1.60E-09 2.35E-06
Organelle assembly 878 21 0.0239 | 4.67E-09 6.00E-06
Microtubule cytoskeleton 1256 25 0.0199 | 5.92E-09 6.76E-06
Actin binding 437 15 0.0343 | 7.73E-09 7.94E-06
Pathway ge(fzrgs in Gene ?Dve?l?a r;)e?k) in | kK p-value FDR g-value
Post translational protein 1432 26 00182 | 1.85E-08 | 5.31E-05
modification
Membrane trafficking 629 14 0.0223 4.37E-06 6.27E-03
ER to Golgi anterograde transport 155 7 0.0452 1.48E-05 1.03E-02
Interaction between L1 and 31 4 0129 | 177E-05 | 1.03E-02
Ankyrins
Vesicle mediated transport 724 14 0.0193 2.10E-05 1.03E-02
Transport to the Golgi and 186 7 00376 | 475E-05 | 1.70E-02
subsequent modification
Matrisome 1026 16 0.0156 7.20E-05 2.29E-02
Core matrisome 275 8 0.0291 8.44E-05 2.42E-02
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6.

6.1.

Discussion

Extreme phenotype strategies to uncover rare variants

6.1.1. Summary of the main findings from systematic review

The systematic review shows that individuals with an EP may reveal rare variants that can
influence genetic susceptibility in most complex disorders. Complex disorders have a
heterogeneous spectrum of symptoms, with variable expressivity observed in each patient. By
cluster analysis, it is possible to identify subgroups of patients, and by selecting patients with
EP (high expressivity), we would expect to find an enrichment of rare variations associated
with the EP’®. However, we cannot recommend a particular EP strategy to select patients,
although the selection of individuals with an early-onset disease and/or a severe phenotype
(genetic anticipation) will probably help in the search of rare variations. In contrast, elderly
patients can show mutations associated with exposure to environmental factors along life
(ultraviolet radiation, chemical agents, pollutants)’®. In general, the criteria to define EP
combine common and disease-specific features such as the chronic state of a disease, very
high or low biomarker levels such as BMD, spirometry-based severity level according to

GOLD, family history, and early/late age of disease onset.

Of note, a large sample size was not required in WES studies for the discovery cohort, and
10/19 records had a number of cases <100. Therefore, a moderate sample size of individuals
with EP was sufficient to identify candidate rare variants or genes. These individuals with EP
were carriers of rare variants with a high effect size to target new candidate genes. The EP
approach was reproducible across different populations, since the selected studies recruited
cases with different ethnic backgrounds including Asian, African, and European ancestry and
with monogenic diseases such as cystic fibrosis?® with an EP (persistent tracheobronchial
infection with early onset)®. Therefore, the information about age of disease onset and sex of
the selected individuals may result essential to define an EP®’.

6.1.2. How to select EP in quantitative traits

Individuals with EP are characterized by extreme clinically relevant attributes, toxic effects,
or extreme responses to a treatment'®. From a theoretical perspective, a very EP is more
informative than an almost EP, but in practice there are several limitations associated with the

very EP individuals, such as vulnerability to phenotype heterogeneity and measurement
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errors. If a significant proportion from both sides of an extreme is discarded, the almost EP
can still be more powerful than random sampling of the same size. The benefits of EP
sampling were demonstrated by proposing power calculation methods with the help of the
maximum likelihood approach®”®2. It was also indicated that EP sampling to detect rare
variants is more cost efficient as compared to traditional study designs®®. Replication in a
second independent EP cohort to enhance the power of a study is highly recommended, but it
is unlikely to obtain a large sample size of EP subjects from a single region and multicenter
studies are neededs:+However, the EP approach is considered more efficient than random

sampling for the detection of rare variants associated with the trait over a random sampling®’.

6.1.3. Familial disorder as EP

Some common disorders show rare familial phenotypes with Mendelian inheritance
associated with rare variants with large effect size. There are many studies using the EP
strategy for familial cases of complex disorders, such as Alzheimer’s disease(AD)%,
polyautoimmunity disorder®, and congenital hypothyroidism®’. For example, a recent study
using linkage analysis demonstrated that by selecting individuals with familial autoimmunity
and polyautoimmunity as EP, it was possible to identify the SRAL gene (LOD score = 5.48)%.
Furthermore, a WES study on AD analyzed non-Hispanic White patients and Caribbean
Hispanic families to find genes associated with early-onset AD. Heterozygous non-
synonymous variants with global MAF < 0.001 were selected for variant prioritization and
showed autosomal-dominant segregation in these families. Several genes such as RUFY,
TCIRG1, PSD2, and RIN3 were identified that could be involved in endolysosomal transport
in both early- and late-onset AD™.

In some complex diseases such as MD, there is also a strong evidence of genetic
predisposition, as suggested by multiple reports describing affected families, showing an
autosomal-dominant inheritance with 60% penetrance. By using WES in 46 families with
MD, a burden of multiplex rare missense variants in the OTOG gene was found in 15 families
(30%) of familial cases®, which illustrates the success of considering familial cases as EP.
Furthermore, a study on genetic epilepsy with hay febrile seizures plus (Dravet syndrome)
has reported a SCN1A missense variant in a large Jewish family (14/17 cases) with epilepsy
syndrome at both extremes (low and high)’', and a study on thyroid dysgenesis with
congenital hypothyroidism found a familial variant in PAX8 gene associated with EP®.
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6.1.4. An EP Strategy to Investigate the Genetic Contribution to Tinnitus

Tinnitus is the perception of noise in the absence of an external acoustic stimulation,
affecting more than 15% of the population and causing a decrease in health-related quality of life
“®_ Several specific instruments have been defined to characterize chronic or severe tinnitus, and
these instruments have been proposed to measure tinnitus annoyance to define EP for genetic
studies®®. Epidemiological evidence to support a genetic contribution to tinnitus is still weak
because of the heterogeneous nature of this condition. In fact, tinnitus can occur together with
multiple comorbidities including hearing loss, migraine, sleep disorders, anxiety, several
psychological conditions, and some rare monogenic disorders’. The careful selection of
phenotypes for genetic studies is crucial. The inclusion criteria should consider young individuals
with severe forms of bilateral tinnitus to investigate the genetic contribution of rare variations to
tinnitus. These individuals may carry a greater susceptibility and lower environmental load,;
however, severe forms of tinnitus in young individuals are rare® and multicenter studies are

needed to reach a minimum sample size®.

6.2. Synaptic genes involved in tinnitus

The present study reports a burden of rare missense and structural variants in several SG in
patients with severe tinnitus. These genes are involved in cytoskeleton organization and
cytoskeleton protein binding in neurons suggesting a novel mechanisms involved in tinnitus
severity. In particular, a burden of missense rare and novel variants in ANK2, AKAP9 and
TSC2 genes was found in Spanish MD patients with severe tinnitus (MD-EP), and this burden
was replicated in a Swedish cohort of individuals with severe tinnitus. In addition, when we
included all human genes in the burden analysis (hypothesis-free analysis) we also confirmed
the association of ANK2 and TSC2 gene with MD-EP and MD-AEP. Using a large genetic
generalized epilepsy cohort, we could confirm the specificity of these new genes to tinnitus.

The synapse between sensory inner hair cells, primary auditory neurons and these neurons
itself are potential candidates for tinnitus, but its perception and long term maintenance
involves complex networks in the central nervous system, both in auditory and in non-
auditory structures®. GO analyses suggest that membrane trafficking and cytoskeletal protein
binding in neurons are involved at the molecular level. Future ongoing studies in a larger

cohort of patients with severe tinnitus will confirm these predictions.
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Tinnitus is associated with hearing loss in 90% of cases, according to standard pure tone
audiograms. The most accepted causative model of tinnitus is based on the reduction in the
auditory input associated with hearing loss, which leads to increased gain in the auditory
pathway; that is, an amplification of spontaneous activity in the auditory neurons will lead to
the perception of tinnitus®™. This change in the intrinsic neuronal excitability after sensory
deprivation occurs at the axon initial segments (AISs), the site of initiation of the action
potential, which increase in length, and expression of voltage-dependent Na+ channels and
Ankyrin-G, a membrane scaffolding protein encoded by the ANK2 gene in the AISs®.

6.2.1. Association of ANK2 and axon initial segment with tinnitus severity

The ANK2 (ENSG00000145362) gene, which is located at chromosome 4q25-q26,

encodes Ankyrin-2, a large structural protein that carries death and ankyrin repeat containing
95,96
oIt

domains. The Ankyrin gene has 46 exons in total and exon 37/38 is brain specific
belongs to the ankyrin family that links the integral proteins to the fundamental spectrin-actin
cytoskeleton and plays an important role in different activities including micrometer scale
organization of vertebrate plasma membranes in a broad spectrum of physiological contexts.
ANK?2 encodes two different polypeptide including Ankyrin-2 (expressed in different tissues)
and giant Ankyrin-2, a neuro-specific isoform variant expressed broadly in the central
nervous system, with 2133 residues encoded by exon 37 between death and spectrin-binding
domains®.

Figure 15: Organization of the AlS and of Ankyrin-G¥'.

NrCAM

NF186

o/f} spectrin tetramer

Actin ring

Schematic of key components of the AlS. These include cell adhesion molecules (NfCAM and NF186) and ion channels (KCNQ and NaV)
all bound to ankyrin repeats in the amino terminus. AnkG is, in turn, linked to the spectrin tetramer which is shown associated with an actin
ring. Tetramers and the associated actin rings are spaced ~190 nm apart®’.
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Giant Ankyrin-2 is a key protein to keep connectivity and neural activity in the central
nervous system. It contributes to the development, maintenance and the refinement of neural
circuits in different brain areas. The neural signals that arise at the AIS site regulate the
neural activity. However, the lack of auditory input can cause an increase in the length of
AlSs ultimately leading to increase connectivity the auditory neurons in avian brainstem °*. In
addition, this is accompanied with an increase in whole-cell Na* current, membrane
excitability and spontaneous firing. After auditory deprivation, the preservation of auditory
function indicates that the change may have occurred at synaptic functionality level rather
than at the structural level. However, the homeostatic changes occurring at AIS might play an
important role to maintain the integrity of the remaining neurons in auditory circuits®,

something that may also occur in severe tinnitus.

Rare variations in ankB isoform may produce an increase of axonal branching®. In humans,
rare variants in ANK2 gene have previously been reported in individuals with autism

% and long QT syndrome®. Although hearing phenotypes are

spectrum disorder (ASD)
poorly investigated in ASD, reports point towards increased loudness sensitivity, or
hyperacusis in ASD®. Since severe tinnitus is highly associated with hyperacusis™, it is thus
plausible that ANK2 may be involved in sensory gating processes, which are thought to
underlie severe tinnitus with increased loudness'®. A variant in ANK2 (4: 114294537 G>A)
has been previously reported for autosomal cardiac arrhythmia in 2 heterozygous Ashkenazi
Jewish centenarians™®. This same variant was also found in one individual with MD-EP in

our cohort.

In another study of long QT, a novel variant ¢.1937 C>T, exon 18 in the membrane-binding
domain was found in 2 Canadian Gitxsan multigenerational families. This variant showed a
loss of function activity in myocytes affected expression and localization of downstream
binding partners®. In addition, three mutations in human ANK2, exon 37 have previously
been reported for ASD, affecting only the giant ankB isoform. Further, mouse models with
these human ANK2 mutations have evidenced that the giant ankB may contribute to maintain
the normal structure connectivity in central nervous system. The increase of axon branching

might be a potential cellular mechanism to explain ASD®, and thus plausibly severe tinnitus.
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Epidemiological and genetic studies consistently support that severe tinnitus has a genetic
contribution, and common and rare variants with epistatic effects shape the phenotype®**. A
recent GWAS using a broad definition of tinnitus found a small number of loci and common
variants with small effect sizes*. Moreover, the MVP cohort used for replication does not
represent the general US population, since these individuals report a history of occupational
chronic noise exposure and have an increased prevalence of traumatic brain injury, both
known risk factors for tinnitus. Although we did not find any of these genes in our burden
analysis, this GWAS is a major contribution to define the genetic architecture of noise-
induced hearing loss and tinnitus, but their findings cannot be extended to any tinnitus
phenotype. These findings are probable related to noise-induced hearing loss and tinnitus, but
not necessarily to severe tinnitus.

Our study emphasizes the need of larger genetic studies using severe tinnitus as inclusion
criteria. However, the proportion of individuals in existing biobanks with such definition of
tinnitus is rare, and thus new efforts to biobank tinnitus are needed'?. The present study also
calls for the need of new definitions of tinnitus as a disorder that would distinguish the rare
pathogenic form of tinnitus (present in 1% of the population) from the more symptomatic and

common form reported by a large proportion of the population.

Tinnitus as a neurological disorder may not only result from sensory deprivation as it
probably occurs in high-frequency hearing loss or MD, or after synaptic reorganization that
lead to changes on the neuronal excitability at different brain areas, but also from enhanced
connectivity with non-auditory brain regions as it is often observed in tinnitus patients or
individuals with severe tinnitus'®.We observed expression of ANK2 in a number of distinct
auditory and non-auditory brain regions within the mouse brain. Interestingly marked
expression was found in the auditory pathway, including the auditory cortex, the dorsal
cortex of the inferior colliculus, the medial nucleus of the trapezoid body and the dorsal
cochlear nucleus. These finding support that multiple nuclei in the auditory pathway could be

involved in the development of severe tinnitus.

However, we found stronger expression of ANK2 in a number of non-auditory brain regions
that have been associated with tinnitus including the cortex, hippocampus and the cerebellum
104105 * A5 previously mentioned, in neurons, the expression of ANK2 is found in the AIS 1%
and is believed to play a role in the development and function of axonal branching® and

107

synaptic connectivity . This role in the regulation of neuronal connectivity could potentially
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explain why it has been associated with the neurological disorders such as epilepsy*®and
ASD'. Interestingly, the cortal expression for TSC2 was found to be strongest in projection
layers (2/3, 5 and 6) and weakest in input layers (1 and 4), potentially indicating a role in
cortical connectivity’®. This, combined with the fact tinnitus has been associated with

abnormal functional connectivity between brain regions***%

, may be a tantalising hint for a
link between neural connectivity and tinnitus. Rare missense variants in ANK2 gene may thus
reflect subtle structural differences in the axonal cytoskeleton protein organization involving
axonal branching and neuronal connectivity, which would be exacerbated in individuals with
severe tinnitus. Mice lacking ank2 constitutively die at birth from developmental defects, and
thus conditional models with depletion in adulthood would be required to back-translate these
findings in animal models. Further work is thus required to understand the role of ANK2 in

the presentation of tinnitus symptoms.

In addition, we have found PRAMEF1 which is a PRAME Family Member 1 gene and
responsible for reproductive tissues during development and many types of cancer.
PRAMEF1 was previously reported for Lynch syndrome endometrial cancer in Chinese

population**2. However, this gene is not expressed in the brain according to GTEx portal
(https://www.gtexportal.org/home/).

6.2.2. Contribution of AKAP9 and TSC2 in tinnitus

Interestingly, we have found a burden of rare variation in AKAP9, another gene

previously associated with long-QT syndrome™*®

. AKAP9 encodes A-kinase anchor protein 9,
a member of the A-kinase anchor protein family member, whose known function is binding
to the protein kinase A (PKA) regulatory subunit with the objective of enclose it to different
parts of the cell where phosphorylation is needed''*. Moreover, AKAP9 is known to form a
multiprotein complex with KCNQ1, PKARII and PP1 to translate PKA to the ion channel and
phosphorylate a serine residue for its activation****!*>. Known mutations in AKAP9 gene
disrupt this behaviour and difficult the interaction between a-kinase anchor protein 9,
Potassium voltage-gated channel subfamily Q member 1, leading to a dysfunction in the
regulation of K* entry through this channel and, therefore, pathological consequences such as

long-QT syndrome.

Our study also reveals a significant enrichment of rare variants in TSC2 gene in patients with
MD-EP and severe tinnitus. Tuberous Sclerosis Complex 2 (also known as TSC2 or Tuberin)

73



is a known tumour suppressor protein part of the tuberous sclerosis complex (TSC) along
with TSC1. This complex is involved in the negative regulation of mMTORC1 activity. Loss of
tuberin function causes constitutive activation of the mTORCL1 signalling pathway leading to
tuberous sclerosis tumours**®. TSC2 loss of function mutations cause misregulation of the

endocytosis processes and disruption on autophagy-lysosome pathway °.

Of note, the TSC complex has also been related with several neurological abnormalities such
epilepsy or autism*’. In fact, some studies show that overexpression of the TSC complex
supresses axon formation while the lack of either TSC1 or TSC2 induces the appearance of
ectopic axons''®. Similar to ANK2, ISH data revealed, in the mouse brain, that TSC2
expression was greatest in projection layers (2/3, 5 and 6) and weakest in the input layers (1
and 4). Given these are the neurons demonstrating long-range projecting axons this

expression profile seemingly fits with this believed function.

The regulation of the Mtorcl pathway via the TSC complex has been found to be a key part
in some age-associated diseases, including age-related hearing loss. Some studies describe
how mtorcl constitutive activity in the aging cochlear neurosensory epithelium leads to
hearing loss in mice, while inactivation of this pathway reduces age-related HL in those
mice™®. Regarding axonal formation, tsc2 heterozygous mice also have a specific deficit in
protein synthesis in neurons of the hippocampus causing synaptic depression because of the
lack of glutamate receptors. Those mice showed abnormal synaptic plasticity and cognition
due to the suboptimal metabotropic glutamate receptor-mediated protein synthesis leading to
behavioural impairments*?. Finally, we found highly significant co-expression of ank2 and
tsc2 across the mouse brain, potentially suggesting they are expressed in similar neuronal

subtypes.

Mouse brain co-expression of ank2 and tsc2 was particularly strong in limbic brain regions
(i.e. the hypothalamus, epithalamus, striatum, pallidum and hippocampus), that form a
complex circuit distributed across the brain. In addition, strong expression was found across
cortex particularly in cortical layers generally associated with cortical projections (i.e. layers
2/3, 5 and 6). Limbic (particularly ventral striatum and the hippocampus) and cortical
contributions have been previously implicated in the manifestation of tinnitus?*. The strong
expression in cortical projection layers fits with the existing literature demonstrating the
involvement of ank2 and tsc2 in axonal function. While more work is required these data
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together hint at a potential network based dysfunction of tinnitus, involving projections to and

between auditory (e.g. cortical) and non-auditory (e.g. limbic) brain regions.

6.2.3. Severe tinnitus and sex differences

Few studies have been conducted to analyse the effect of sex in genetic contribution to
tinnitus. A study on Swedish twins found that the heritability in women with bilateral tinnitus
increased from 0.41 to 0.62 when they selected only young women, suggesting that early
onset is probably associated with a higher heritability *°. Another study on Swedish families
revealed a higher recurrence risk ratio in women indicating that this group is more susceptible
to severe tinnitus as compared to men. These studies highlight the genetic contribution to

severe tinnitus is different in men and woman in sex dependent manner®.

In addition to these studies, the genetic findings with MD-EP cohort also provide the
evidence that women are at high risk to develop severe tinnitus. This cohort has 23/30 women
cases and the carriers of rare and novel variants in ANK2 are all unrelated women, suggesting
sexual differences in the heritability of tinnitus. However, the carriers of ANK2 variants in
Swedish tinnitus cohort are both women and men. Further studies are needed in a larger

sample size to establish if the burden of rare variants in ANK2 is specific for women.

6.2.4. Tinnitus, hearing loss and cognitive decline

It is believed that individuals with tinnitus may face difficulties with memory and several

122 In

addition to tinnitus, hearing loss is accountable for 9% of dementia cases worldwide?.

studies have reported the poor cognitive performance in individuals with tinnitus

Hearing loss is reported as an independent risk factor for dementia but the association

between tinnitus an cognitive decline is still unclear *%.

The possible mechanism of dementia associated with tinnitus and hearing loss are briefly

explained as follows.

e As previously explained in section 6.2, the auditory input deprivation associated with

hearing loss is one of the possible mechanisms involved in tinnitus generation. This
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auditory deprivation causes a gain increase in the auditory pathway amplifying the

spontaneous activity of neurons which is perceived as tinnitus.

e Cochlear damage is the most common cause of hearing loss whereas dementia is
caused by cortical degeneration with loss of neurons, particularly of the multimodal
cortex. However, what is the link between these conditions? To answer this crucial
guestion several mechanisms have been proposed in different studies.

1. The first mechanism could be the common pathology that affects cochlea,
nuclei in the ascending auditory pathway and cortex.

2. The second possible mechanism could be the decreased stimulation of the
cognitive processing caused by hearing loss. The auditory deprivation can
create an impoverished environment particularly involving language and
speech, affecting negatively several brain structures and its functions.

3. The third mechanism focuses on the unavailability of cognitive resources
being utilized due to hearing loss. Individuals with hearing loss require high
utilization of cognitive resources for listening, making unavailability of
resources for other tasks i.e. attention, working memory and language

processing.

However, the main difference between second and third mechanism is that; the second
mechanism cause changes in brain structure and neuronal mechanism before onset of
dementia; and the third mechanism cause changes brain function during dementia explaining

cognitive decline*®!%,

In addition to these studies, we have found a burden of rare variants in 4 genes that have been
previously associated with dementia including BIN1'®>, NOTCH3'% and SRRM4*?" in MD-
EP cohort and ANK1'2® in MD-AEP cohort,. However, future replication studies are required
to validate the association of tinnitus as a risk factor in the development of neurodegenerative

disorders.
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6.3.

Limitations
Some weaknesses were found in the design of EP strategies; therefore, further research is
required. The replication of the genetic studies across different populations with different
ethnic backgrounds has enough potential to validate genetic associations; however, the
frequency of allelic variants is different across different populations, and specific reference
data for allelic frequencies are needed for each population. The rare variants reported in
simplex families with EPs should be validated in more patients with a severe phenotype.
Most of the studies used WES rather whole-genome sequencing (WGS) and this can cause
the loss of useful genetic information and erroneous results in calculating the effect size of

rare variants at the individual level across a particular phenotype.

As a first limitation, our design is an exome-based study and we might be missing some other
variants in non-coding regions that may have a significant contribution to severe tinnitus.
Future studies will require whole genome sequencing in order to fine-map regulatory regions

and their involvement in this neurological disorder.

Second, the EP strategy is based on the selection of individuals at the extremes of the
phenotype distribution, who are expected to carry an enrichment of rare pathogenic variants,

and they are not representative of the phenotypic variance observed in MD.

Third, the Swedish cohort used for replication does not represent a clinical sample, and

therefore the assessment did not involve a physician.

Fourth, most of our MD patients were females and future studies should consider gender

differences in the genetic contribution to tinnitus.

Finally, indel analysis is highly dependent on the callers and annotation tools used for each
frequency database compared, and reference databases need to be extended. Most of the
indels in our dataset were not found in either the gnomAD population database or the CSVS

database and were ruled out to avoid an inflation factor in the GBA.
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Conclusions

1. A systematic review of genetic studies using extreme phenotype approach has shown
evidence that the extreme phenotype strategy is a useful approach to establish the genetic

contribution of rare variations to complex diseases.

2. Several synaptic genes have a burden of rare missense variants in coding regions in
patients with severe tinnitus and Meniere disease. The main genes showing this
enrichment include ANK2, AKAP9 and TSC2.

3. The burden of rare variants in ANK2 was replicated in an independent non-Meniere
disease severe tinnitus cohort from Sweden, but not in a generalised Epilepsy cohort,
demonstrating the specificity of our findings for tinnitus, regardless of the underlying
disease.

4. The potential pathways and biological processes predicted include membrane trafficking

and cytoskeletal protein binding.
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Conclusiones

1. Una revision sistematica de estudios genéticos que han utilizado el fenotipo extremo ha
confirmado la efectividad de la estrategia de seleccionar individuos con fenotipo extremo
para establecer la contribucion genética de las variantes raras en las enfermedades

complejas.

2. Varios genes sinapticos tienen una carga de variantes raras sin sentido en las regiones de
codificacion en pacientes con aclfeno severo y enfermedad de Meniere. Entre los

principales genes que muestran este enriquecimiento se incluyen ANK2, AKAP9 y TSC2.

3. La carga de variantes raras en ANK2 se replico en una cohorte independiente de actfeno
severo sin enfermedad de Meniere de Suecia, pero no en la cohorte de epilepsia
generalizada genética, lo cual demuestra la especificidad de nuestros hallazgos para el

acufeno, independientemente de la enfermedad subyacente.

4. Las posibles vias y procesos biologicos predichos incluyen el tranporte a traves de

membranas y la unién a proteinas citoesqueléticas.
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Table S1: Clinical profile of 30 Spanish patients with Meniere disease and tinnitus extreme phenotype (MD-EP)

Diagnosis of
- Type of - - HADS
Age at Familial AN High blood Type 2 autoimmune Others
No. Sex onset THI score MD migraine pressure diabetes disease score
1 X 34 76 Yes MA - - - 31 -
2 X 33 98 - MA - - . 34 Arthrosi
3 X 40 76 - MA Yes - - 21 -
4 X 31 82 - MA - - - 28 -
5 X 4 78 - - - - - 27 Arthrosi
6 X 22 76 - MO Yes - - 23 -
7 X 56 82 - - - - - 20 -
8 X 14 80 - - - - - 34 Asthma
Anxiety
9 X 25 76 - MA Yes Yes - NA Arthrosi
s
Yes Arthrosi
10 X 20 86 Yes - - - 27 sAsthm
a
11 X 55 86 - ; Yes . - NA Arthros!
12 X 35 82 - - NA NA - NA -
13 X 38 76 - - NA NA NA NA -
14 X 50 88 - - - - - 17 -
15 X 37 96 - - - - - 31 -
16 X 40 82 Yes - - Yes - NA -
17 X 31 80 - - - - - NA -
- Asthma,
18 X 33 90 Yes MA - ; Hyp"”r}]ym'd's NA seasonal
allergy
Asthma,
19 X 22 95 - MO - - - 24 seasonal
allergy
20 29 78 - - Yes - - 30 -
21 Y 35 88 - - - - Psoriasis 16 -
Asthma,
22 Y 25 84 - - - - - NA seasonal
allergy
23 Y 57 90 - - - - - 21 -
24 Y 36 82 - - - - - 23 -
25 Y 31 94 Yes - Yes - - 10 _
26 Y 49 82 - - - - - 26 -
27 X 20 96 - MO - - - 15 -
28 X 46 88 - - - - - 18 -
29 X 54 76 - - Yes - - 28 -
30 X 40 90 Yes - Yes - - 32 -

THI= Tinnitus handicap inventory, MA=migraine with aura, MO= migraine without aura, HADS=Hospital anxiety and depression scale,
NA= data not available
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Table S2: Clinical profile of 29 Spanish patients with

Meniere disease and tinnitus almost extreme phenotype

(MD-AEP)
- . Diagnosis of
No. Sex Age at | THI Familial Type ) of | High blood Type 2 autoimmune HADS Others
onset score MD migraine pressure diabetes di score
isease

1 X 40 74 - MO Yes - Psoriasis 14 -

2 v 50 68 ) ) ) ) Spondylltls, - 20 Anxwty,
ulcerative colitis depression

3 X 31 64 - - - - Vitiligo NA Artrosis

4 Y 53 72 - - Yes - - NA -

5 X 45 60 - - Yes - - 4 Headache

6 X 22 70 - - - - - NA -
Hypothryrodism

7 X 31 70 - - Yes Yes Rheumatoid NA -
arthritis

8 X 33 70 ) MA Yes } Antiphospholipid 18 )
syndrome

9 X 39 60 - - - - - 17 -

10 Y 58 60 - MO - - - 18 -

11 X 29 66 - MA Yes - - NA Arthrosis

12 Y 39 72 - - - - - NA -

13 X 57 70 - NA NA NA NA NA -

14 X 33 62 - - - - Celico 13 -

15 X 42 68 Yes - Yes - - 12 -

16 X 42 72 Yes - - - - 8 -

17 X 41 66 Yes - Yes Yes - 25 -

18 X 15 62 Yes - - - - 11 -

19 X 48 64 - - - - - NA Arthrosis

20 X 51 72 - - Yes - - NA -

21 Y 24 58 - - - - - NA -

22 X 39 72 - MA - - Spondylitis NA -

23 Y 33 56 - - - - Psoriasis 2 -

24 X 45 56 - - - - Spondylitis NA Arthrosis

25 Y 47 74 - MO Yes Yes - 27 -

26 X 56 74 - - - - - 22 -

27 Y 30 74 - - - - - 26 -

28 Y 21 74 - - - - - NA -

29 Y 48 74 Yes - - - - 10 -

THI= Tinnitus handicap inventory, MA=migraine with aura, MO= migraine without aura, HADS=Hospital anxiety and depression scale,
NA= data not available
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Table S3: Clinical profile of 97 Swedish individuals with tinnitus from STOP cohort

Under
. treatment

No. Age Sex ;I;':rle ;ié:gﬁ Headaches | Vertigo T™J B‘;icnk ggrner for o
psychiatric
disorder

1 53 Y 14 Yes - - - - Yes -

2 54 Y 18 Yes - - - - - -

3 69 X 24 NA Yes NA - Yes Yes -

4 51 Y 24 Yes - - - - - -

5 68 X 28 Yes - - - - - -

6 50 X 28 NA - NA NA NA - -

7 43 X 28 NA Yes Yes NA Yes - Yes

8 63 X 30 Yes Yes - - - Yes -

9 35 Y 30 Yes - Yes Yes Yes - -

10 37 Y 32 Yes - Yes - - - -

11 52 Y 32 Yes - - - - - -

12 39 X 32 Yes - - - Yes Yes -

13 60 X 32 NA Yes Yes NA Yes - -

14 77 X 34 Yes - - - - - -

15 53 Y 34 - Yes - - - - -

16 41 Y 34 Yes - - - - - Yes

17 47 Y 34 Yes - - - - - -

18 47 X 36 Yes - Yes - - - -

19 39 X 36 Yes Yes Yes Yes Yes Yes -

20 41 Y 36 - - - - - - Yes

21 37 Y 36 Yes - - - NA - -

22 45 X 38 Yes Yes - - Yes Yes -

23 48 X 38 NA Yes Yes - Yes Yes Yes

24 34 X 38 - Yes Yes NA Yes Yes Yes

25 66 X 40 Yes - - - - - -

26 54 Y 40 Yes - - - - Yes -

27 70 Y 40 Yes - - - - - -

28 77 Y 40 Yes - - - - - -

29 48 X 42 - Yes Yes Yes Yes Yes -

30 48 X 42 Yes - - - - - -

31 39 X 42 Yes - - - - - Yes

32 33 Y 42 - Yes Yes Yes Yes Yes -

33 49 Y 42 Yes - - - Yes Yes -

34 32 X 42 Yes Yes - - Yes Yes -

35 51 Y 42 NA - - Yes - - Yes

36 59 X 44 Yes - - - - - -

37 49 X 44 NA Yes Yes Yes Yes Yes -

38 72 X 46 Yes - Yes - - - -

39 52 X 48 Yes - Yes Yes Yes Yes -

40 35 X 48 NA Yes - - Yes - -

41 33 Y 48 NA - - Yes - Yes -

42 52 X 48 - - - - Yes - -

43 58 Y 48 Yes - - - - Yes -

44 30 X 50 Yes Yes NA Yes Yes Yes -

45 48 X 50 NA Yes Yes Yes Yes NA -

46 32 Y 50 - - - Yes - - -

47 33 X 50 Yes Yes Yes - - - -

48 54 X 52 NA - Yes NA Yes Yes Yes

49 77 X 52 NA - Yes - - - -

50 63 X 52 Yes - NA Yes - Yes Yes

51 37 Y 52 Yes - - - Yes - -

52 52 Y 52 Yes Yes Yes - - Yes -

53 77 Y 52 Yes - - - NA - -

54 79 X 52 Yes - - - - - -

55 56 Y 54 Yes - Yes - - Yes -

56 58 X 54 NA - Yes - - - -

57 60 X 54 NA Yes Yes Yes Yes Yes -

58 50 Y 54 NA - - - - Yes -

59 72 X 54 Yes - - - Yes Yes -

60 43 X 56 - Yes Yes - - - -

61 57 X 56 Yes - NA NA Yes - -

62 30 Y 56 Yes - - - - - -

63 37 Y 56 Yes - Yes - Yes - -

64 53 X 58 Yes Yes Yes - - NA Yes
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65 35 Y 58 Yes - - - - - Yes
66 52 X 58 NA NA NA - - - -
67 29 Y 58 Yes Yes Yes NA - Yes -
68 52 Y 60 Yes Yes - Yes - - -
69 78 X 60 Yes Yes Yes - - Yes -
70 48 X 60 Yes - - - - - -
71 52 Y 60 Yes Yes Yes Yes Yes Yes -
72 52 Y 62 Yes - - - Yes Yes -
73 40 Y 64 - - - Yes Yes - -
74 39 X 66 Yes Yes Yes Yes Yes - -
75 37 X 68 Yes - Yes Yes - - -
76 32 Y 68 NA - - - - - -
77 66 X 68 NA - Yes - Yes Yes -
78 35 Y 68 Yes - - - - - -
79 50 Y 70 Yes Yes - Yes Yes Yes -
80 37 X 70 - NA - Yes Yes - Yes
81 67 Y 70 Yes - - - - - -
82 31 X 72 NA Yes Yes - Yes - -
83 58 X 72 - Yes - Yes Yes Yes Yes
84 53 X 72 NA Yes Yes Yes Yes Yes -
85 56 X 72 Yes - Yes - - Yes -
86 50 Y 76 Yes Yes - - Yes Yes -
87 40 X 78 Yes Yes Yes Yes - Yes Yes
88 32 X 78 NA Yes Yes - Yes Yes -
89 61 Y 82 - - - Yes Yes Yes Yes
90 52 X 82 Yes - NA Yes Yes Yes -
91 30 X 82 Yes - - - - - -
92 37 Y 86 - - Yes - - - -
93 35 Y 88 - Yes - - - - -
94 33 X 88 Yes - NA - - - -
95 29 Y 90 Yes Yes Yes Yes Yes Yes Yes
96 27 X 92 Yes - Yes - Yes Yes -
97 55 X 96 Yes - - - - - -

THI= Tinnitus handicap inventory, TMJ=Temporo-mandibular joint dysfunction, NA= data not available
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Table S4: Hearing loss genes obtained from associated with syndromic and non-

syndromic deafness from Deafness Variation Database (DVD)

95

Hearing loss genes (N=152)

ESPN ESRRB CLRN1 ILDR1
GJB3 STRC CCDC50 MCM2
COL9A2 CIB2 OPAl SLITRK6
KCNQ4 HOMER?2 WFS1 COCH
BSND TBC1D24 GRXCR1 SIX1
ROR1 CRYM DSPP TNC
CDC14A OTOA CISD2 MT-TS1
COL11A1 KARS MARVELD?2 SMPX
GPSM2 MYO15A BDP1 POU3F4
KCNJ10 TMEM132E ADGRV1 (GPR98) | TIMMS8A
USH2A USH1G HSD17B4 PRPS1
NLRP3 ACTG1 SLC22A4 COL4A6
GATA3 LOXHD1 HARS?2 COL4A5
MYO3A GIPC3 DIAPH1 AIFM1
PCDH15 CLPP GRXCR2 MT-TS1
CDH23 S1PR2 POU4F3 SMPX
C100rf2 SYNE4 TCOF1 TPRN
PDzZD7 CEACAM16 FOXI1 MT-RNR1
TECTB SIX5 SERPINB6 MT-TL1
FGFR2 MYH14 DCDC2

EPS8L2 OTOF FAM65B

KCNQ1 PNPT1 COL11A2

USH1C ATP6V1B1 LHFPL5

OTOG ALMS1 PEX6

CABP2 LOXL3 POLR1C

FGF3 ELMOD3 CLIC5

LRTOMT DFNB59 (PJVK) COL9A1

MYO7A PAX3 MYO6

NARS?2 COL4A4 CD164

RDX COL4A3 EYA4

TECTA EDN3 DFNA5

EPS8 OSBPL2 ADCY1

COL2A1 KCNE1 HGF

MSRB3 CLDN14 PEX1

OTOGL TMPRSS3 SLC26A5

PTPRQ TSPEAR SLC26A4

KITLG TBX1 MET

SLC17A8 MYH9 MIR96

DIABLO TRIOBP FGFR1

P2RX2 SOX10 SNAI2

GJB2 ATP2B2 EYAL

GJB6 LARS2 GRHL2

POLR1D TMIE TIP2

DIAPH3 CACNA1D TMC1

EDNRB MITF DFNB31 (WHRN)




Table S5: Summary of the 19 genetic studies using an extreme phenotype approach selected for synthesis.

Sequencin Number
Reference Disease EP Criteria Study Design q 4 Ancestry of Onset Sex
Method ;
Patients
. Proband with early onset and - . Not
Pullabhatla et | Systemic  lupus . . Family trios, 30 trios,
al. (2017) ™ erythematosus clinical - features with poor Replication cohort WES EU 10995 <25y repe
outcome d
Johar et . . Polyautoimmunity and familial | Case—control, . Not
al.(2016) ® Polyautoimmunity autoimmunity\ Cross-sectional WES Colombian 4 reported M
Kunkle et al. | Alzheimer’s Early-onset Alzheimer’s | Case—control, WES El;m/b can and 93, <65 M.F
(2017)® disease disease, familial or sporadic Replication cohort Hispanic 8570 y '
EU America,
African
. .. | CF with early onset of American
Emond et | Cystic fibrosis . Case—control, . ' 43,
al.(2012) ® CP persistent ) pseudomonas Replication cohort WES V\/_hlte _ 696 LSy M,F
aeruginosa infection Hispanic,
NHW, Asian,
Aleut
Shtir et al . Diabetes for at least 10 years | Case—control, . Not
(2016) * Diabetes without diabetic retinopathy Cross-sectional WES Saudi 43 reported M.F
Familial or sporadic lung 48 56 y
Liu et al cancer cases, ever smokers or | Case—control, sporadic familial
(2016) * Lung cancer severe  chronic  obstructive | Cross-sectional WES NHW 54 61 y M
pulmonary disease (COPD) familial sporadic
Husson et al. Binolar | disorder Family history of mood | Case—control, WES EU 9 mean: 24 M.F
(2018) * P disorder and early onset Cross-sectional ety ’
Johar et al Multiple Multiple autoimmune Case_control
(2015) ® autoimmune syndrome  with  Sjdgren’s Cross-sectional WES Colombian 12 28-67y F
syndrome syndrome
Hiekkala et al. | Hemiplegic >2 migraine attacks, completely | Case report, o median:
(2018) migraine reversible motor weakness Cross-sectional WES Finnish 293 12y M
. . EU NHW.
Qiao et al. COPD cases with GOLD grade | Case—control, ! L >45y,
(2018) 1 COPD 3ord Cross-sectional WES African 1769 <65y MIF
American
Bruse et al. | COPD COPD cases with GOLD grade | Case—control, WES NHW 62 Not M/F
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(2016) ™* 3ord Cross-sectional reported
Nuytemans et | Thrombotic storm Severel onset IOf = Iartepal, Case report, WES, Targeted | White and | 26 (13 | Not
al. (2018) ** (TS) unusua clot ocation, | oss-sectional sequencing Indian trios) reported M
' refractory, reoccurrence
Severe aortic features
(dissection  or  preventive
Aubart 134et al Marfan syndrome | thoracic ~ aortic  aneurysm Case—control, WES EU 51.EP a_nd ~10-30y M,F
(2018) Cross-sectional 8 sib-pairs
rupture surgery at a young age)
or sib pairs
Gregson et al. . Extremely high or moderately | Case—control, 1258, Not
(2018) **° Bone mass density high bone mass density Replication cohort GWAS EU 32965 reported M
Lee et al Ulcerative colitis Ulcerative colitis patients with | Case—control, Genotypin Korean 881, 35.6 + 13.9 M.F
(2018) ** good or poor prognosis Replication cohort yPIng 274 y '
Tomaiuolo et | Acute myocardial | AMI patients with first episode | Case—control, Genotvpin EU 1653, Not M.F
al. (2012) ¥ infarction (AMI) before or after 45 years of age Replication cohort yping 909 reported '
Goldberg-Stern Epll_e psy .W'th Gen_erahz_ed epilepsy  with Case-control, Sanger Ashkenazi 14 - infancy to 7
E febrile  seizures | febrile seizures plus, a proband - . . familial M,F
et al. (2013) . Cross-sectional sequencing Jewish y
plus with Dravet syndrome cases
Spermatogenic  failure  with
Shen 13eét al. Spermatogenic azoospermia, mild Casefcont_rol, Sanger Chinese Han 884 Not M
(2017) failure oligozoospermia or  severe | Cross sectional sequencing reported
oligozoospermia
African-
American;
Targeted e
Uzun 1;? al Preterm birth Patients delivering <34 weeks Case report, Sequencing  of Asian; . 32 Not F
(2016) Cross-sectional Hispanic; reported
329 genes s .
White; Native
American

97



Legend: Non-Hispanic White, NHW, European, EU, Whole-Exome Sequencing, WES, GWAS, genome-wide association studies, EP, extreme phenot,
frequency
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Table S6: Synaptic genes showing enrichment of synonymous variants in Spanish patients with Meniere disease and

genes were significant when they were compared against CSVS reference dataset

Gene #variants gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(CI)

SYNJ2 5 3.44(1.70-6.95) 0.71 NS 3.39(1.68-6.85) 0.70 NS

BRSK2 5 6.02(2.48-14.58) 0.83 1.34E-01 6.60(2.72-16.01) 0.85 NS

TLN1 5 4.42(1.82-10.71) 0.77 NS 4.44(1.83-10.76) 0.77 NS

PC 4 233.72(82.15-664.89) 0.99 <1.00E-15 141.70(49.63-404.55) | 0.99 <1.00E-15

CRIP2 4 46.17(16.99-125.48) 0.98 1.09E-10 42.63(15.58-116.70) 0.98 5.26E-10

RIMBP2 4 26.73(10.96-65.20) 0.96 9.71E-10 25.51(10.42-62.48) 0.96 2.58E-09

FGD4 4 32.25(13.21-78.78) 0.97 4.65E-11 26.36(10.76-64.60) 0.96 1.56E-09

HGS 4 7.60(2.82-20.45) 0.87 NS 7.87(2.92-21.22) 0.87 NS

IARS 4 35.69(13.17-96.75) 0.97 4.00E-09 35.70(13.08-97.42) 0.97 5.58E-09

IQSEC2 3 22.66(8.36-61.39) 0.96 1.59E-06 25.37(9.31-69.11) 0.96 4.81E-07

AP3D1 3 525.88(145.47-1901.09) 0.9 <1.00E-15 366.07(98.29-1363.47) | 0.99 <1.00E-15

MYH14 3 10.58(3.37-33.22) 0.91 NS 9.40(2.99-29.56) 0.89 NS

HTT 3 74.15(23.19-237.13) 0.99 7.31E-10 8.45(2.69-26.58) 0.88 NS

SBF1 3 11.28(3.59-35.43) 0.91 NS 11(3.50-34.64) 0.91 NS

DPP3 3 12.53(3.99-39.37) 0.92 2.83E-02 11.11(3.53-34.99) 0.91 NS

SYNM 3 152.22(46.56-497.67) 0.99 <1.00E-15 106.27(32.19-350.79) | 0.99 3.56E-11

UNC13A 3 15.37(4.89-48.32) 0.93 5.56E-03 13.32(4.23-41.99) 0.92 1.85E-02

KIAA1217 2 9.96(3.67-27.05) 0.90 1.23E-02 10.12(3.72-27.55) 0.90 1.10E-02

LLGL1 2 97.21(30.06-314.36) 0.99 3.98E-11 237.33(67.31-836.75) | 0.99 <1.00E-15

SLC25A3 2 25.56(8.07-81.01) 0.96 6.84E-05 23.21(7.29-73.87) 0.96 1.91E-04

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by
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Table S7: Synaptic genes showing enrichment of 5"UTR variants in Spanish patients with Meniere disease anc

Listed genes were significant when they were compared against CSVS reference dataset

Gene #Variants gg(()g I? D.v2] EF Corrected p [ogg?? I";‘ D.v3] EF Corrected p [OCS(\éSI])

TUBB3 | 5 62.28(23.33-166.26) | 098 | 4.19E-13 59.67(24.09-147.84) | 098 | <LOOE-15 | 20.56(7.48-5
ACTGL | 4 261.61(65.04-1052.23) | 0.99 | 8.38E-12 fggf_ig%'%' 099 | <1.OOE-15 | 32.90(9.84-1
DPYSL2 | 4 7.18(3.99-12.93) 086 | 9.20E-08 6.85(3.83-12.26) 085 | 1.74E-07 6.34(3.46-11
RTNA |3 49.04(14.16-169.79) | 098 | 1.53E-06 30.21(12.28-12520) | 097 | 1.11E-06 24.67(6.49-9
TRIO |3 31.38(0.39-104.87) | 097 | 4.10E-05 23.69(7.48-75.05) 096 | 141E-04 49.36(10.97-
MYOLD | 2 4395(12.77-151.23) | 098 | 3.71E-06 34.23(10.70-10955) | 097 | 4.95E-06 24.87(6.52-0
PDE4D | 2 15.75(6.27-39.53) 094 | 8.18E-06 11.41(4.64-28.05) 091 | 2.15E-04 10.85(4.15-2
RPLPL | 2 27.27(8.19-90.77) 096 | 1.34E-04 41(12.77-131.64) 098 | 8.28E-07 24.87(6.52-0
SEPT2 | 2 16.13(4.96-52.48) 094 | 7.256-03 12.80(4.04-40.54) 092 | 2.73E-02 16.57(4.62-5

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, ge
NS=Nonsignificant
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Table S8: Synaptic genes showing enrichment of synonymous variants in Spanish patients with Meniere disease and ti
Listed genes were significant when they were compared against CSVS reference dataset

Gene #variants gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p C3

OR(CI) OR(CI) Ol
PTPRS 6 5.19(2.31-11.65) 0.81 NS 5.11(2.27-11.47) 0.80 NS 7.
KALRN 5 38.66(15.84-94.39) 0.97 2.09E-12 44.39(18.03-109.29) 0.98 4.19E-13 7.
AGAP1 4 14.96(6.15-36.41) 0.93 4.69E-06 14.43(5.92-35.20) 0.93 8.32E-06 9.
PIPSKIC | 4 130.87(47.19-362.89) 0.99 <1.0E-15 137.78(48.42-392.07) | 0.99 <1.00E-15 | 17
TSC2 4 34.69(12.80-94.03) 0.97 5.88E-09 49.41(18.01-135.58) 0.98 6.91E-11 13
PKP4 4 5.41(2.40-12.17) 0.82 NS 5.24(2.33-11.81) 0.81 NS 6.C
ANK2 4 133.05(47.96-369.12) 0.99 <1.00E-15 | 108.25(38.50-304.37) | 0.99 <1.00E-15 | 17
REV3L 4 70.64(25.84-193.09) 0.99 0<1.00E-15 | 101.03(36.04-283.24) | 0.99 <1.00E-15 | 17
SHANK3 4 8.79(3.62-21.37) 0.89 3.02E-03 8.52(3.50-20.75) 0.88 4.39E-03 14
FARP1 3 105.03(32.58-338.63) 0.99 1.26E-11 106.56(32.32-351.29) | 0.99 3.22E-11 25
AKAP9 3 99.78(30.99-321.24) 0.99 2.26E-11 136.40(40.80-456.01) | 0.99 251E-12 25
PLXNA3 3 126.19(50.49-315.40) 0.99 <1.00E-15 | 112.74(44.45-285.97) | 0.99 <1.00E-15 | 86
PRUNE2 3 19.24(6.11-60.56) 0.95 8.20E-04 19.14(6.06-60.51) 0.95 9.39E-04 51
RIMBP2 3 16.85(5.36-53.01) 0.94 2.58E-03 15.92(5.04-50.24) 0.94 4.46E-03 17
ROCK1 3 171.07(52.11-561.52) 0.99 <1.00E-15 | 227.34(65.22-792.44) | 0.99 <1.00E-15 | 25
VCPIP1 3 88.04(27.43-282.52) 0.99 9.80E-11 126.29(37.96-420.24) | 0.99 5.86E-12 51
SCN1A 2 14.85(5.46-40.40) 0.93 2.39E-04 12.51(4.59-34.09) 0.92 1.48E-03 10
SLC2A1 2 54.87(19.98-150.70) 0.98 1.47E-11 42.04(15.24-115.97) 0.98 9.70E-10 9.6
KEL 2 33.97(12.43-92.83) 0.97 1.19E-08 34(12.36-93.47) 0.97 1.56E-08 10
CASK 2 183.03(55.34-605.39) 0.99 <1.00E-15 | 181.06(52.84-620.41) | 0.99 4.19E-13 25
CAD 2 54.87(19.98-150.70) 0.98 1.47E-11 79.76(28.48-223.43) 0.99 <1.00E-15 | 34

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordere
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Table S9: Synaptic genes showing enrichment of missense variants with CADD>20 in Spanish patients with Meniere di
(MD-AEP). Listed genes were significant when they were compared against CSVS reference dataset

. gnomAD.v2 gnomAD.v3 CSVsS
Gene #variants EF Corrected p EF Corrected p
OR(CI) OR(CI) OR(CI)

DMD 3 8.04(3.30-19.61) 0.88 8.55E-03 7.49(3.07-18.28) 0.87 1.84E-02 28.70(10-82
GOLGB1 3 30.85(9.77-97.44) 0.97 9.63E-06 30.99(9.75-98.52) 0.97 1.12E-05 25.54(6.72-
MYO1C 3 12.78(4.73-34.56) 0.92 9.65E-04 11.92(4.40-32.29) 0.92 2.06E-03 13.68(4.63-
PPFI Al 3 74.83(23.40-239.27) 0.99 6.46E-10 66.85(20.67-216.27) 0.99 4.31E-09 51.09(11.35
PTPRS 3 16.95(5.39-53.32) 0.94 2.46E-03 17.75(5.62-56.06) 0.94 1.80E-03 51.09(11.35
RYR2 3 153.52(46.99-501.54) 0.99 1.00E-15 106.56(32.32-351.29) 0.99 3.22E-11 17.02(4.76-¢
TRAP1 3 42.75(13.49-135.49) 0.98 3.31E-07 32.77(10.30-104.30) 0.97 6.50E-06 17.02(4.76-¢
CRMP1 2 3.34(1.75-6.39) 0.70 NS 3.56(1.86-6.81) 0.72 NS 5.29(2.71-1
OGDHL 2 105.95(32.70-343.29) 0.99 1.42E-11 64.89(19.98-210.70) 0.98 7.17E-09 25.75(6.74-
ST14 2 60.38(18.87-193.23) 0.98 9.15E-09 61.41(18.94-199.08) 0.98 1.28E-08 17.16(4.78-¢

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by
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Table S10: Synaptic genes showing enrichment of indels in Spanish patients with Meniere disease and tinnitus
extreme phenotype (MD-EP). Listed genes were significant when they were compared against gnomAD Non-Finnish
European reference dataset

Gene #indels gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(CI)

GPSM1 6 8.90(4.37-18.15) 0.89 3.33E-06 6.08(3.01-12.29) 0.84 9.14E-04
SGTA 6 4.91(2.52-9.58) 0.80 5.65E-03 5.11(2.63-9.92) 0.80 2.77E-03
CACNA2D1 5 13.88(5.61-34.33) 0.93 2.37E-05 24.32(9.95-59.43) 0.96 4.77E-09
TSC2 5 11.30(4.59-27.84) 0.91 2.58E-04 10.21(4.20-27.82) 0.90 5.57E-04
AAK1 4 9.50(3.48-25.95) 0.89 2.15E-02 14.01(5.18-37.87) 0.93 3.73E-04
MRAS 4 17.25(6.23-47.77) 0.94 7.95E-05 12.07(4.47-32.60) 0.92 1.71E-03
SIPALLL 4 11.94(5.22-27.32) 0.92 8.08E-06 11.07(4.90-25) 0.91 1.39E-05
WASL 4 86.34(27.93-266.86) 0.99 1.84E-11 56.76(20.63-156.15) 0.98 9.63E-12
PIP4K2A 3 26.29(7.97-86.71) 0.96 1.49E-04 20.18(6.38-63.82) 0.95 5.93E-04
PLXNAZ 3 16.59(5.98-45.99) 0.94 1.28E-04 14.34(5.29-38.90) 0.93 3.17E-04
GSK3B 3 26.29(7.97-86.71) 0.96 1.49E-04 22.78(7.20-72.15) 0.96 2.00E-04
FARSA 3 23.37(7.13-76.64) 0.96 3.74E-04 18.20(5.76-57.51) 0.95 1.45E-03
AKAP9 3 33.66(10.06-112.57) 0.97 2.15E-05 55.21(17.17-177.49) 0.98 3.16E-08
ANXA11 3 33.66(10.06-112.57) 0.97 2.15E-05 30.45(9.58-96.78) 0.97 1.32E-05
SH3PXD2A 3 17.90(5.51-58.07) 0.94 2.95E-03 13.22(4.19-41.67) 0.92 1.97E-02
STK32C 3 22.14(6.77-72.43) 0.95 5.71E-04 18.58(5.88-58.73) 0.95 1.21E-03
AP1G1 2 62.35(13.32-291.88) 0.98 2.91E-04 61.99(14.77-260.12) 0.98 3.21E-05
AP2A2 2 40.08(9-178.42) 0.98 2.40E-03 22.64(5.52-92.88) 0.96 2.79E-02
ATFTIP 2 13.25(4.10-42.82) 0.92 2.98E-02 13.64(4.30-43.22) 0.93 1.70E-02
BAZ1B 2 56.11(12.15-259.06) 0.98 4.65E-04 52.34(12.54-218.44) 0.98 1.06E-04
CORO1C 2 52.90(21.71-128.88) 0.98 <1.00E-15 | 103.26(43.93-242.75) | 0.99 1.00E-15
DNM3 2 46.76(10.34-211.37) 0.98 1.11E-03 33.17(8.04-136.91) 0.97 2.44E-03
HSPA12A 2 112.24(21.55-584.75) 0.99 3.91E-05 196.34(43.43-887.54) | 0.99 1.30E-08
ICAL 2 35.06(7.97-154.32) 0.97 4.79E-03 22.64(5.52-92.88) 0.96 2.79E-02
NDRG2 2 70.15(14.73-334.07) 0.99 1.77E-04 61.99(14.77-260.12) 0.98 3.21E-05
RGS8 2 10.33(4.15-25.72) 0.90 9.85E-04 8.86(3.60-21.79) 0.89 3.82E-03
SNAP47 2 47.18(13.70-162.48) 0.98 1.90E-06 26.20(8.22-83.52) 0.96 6.35E-05
SNX5 2 28.05(6.48-121.45) 0.96 1.56E-02 43.62(10.50-181.12) 0.98 3.81E-04
TAOK?2 2 62.35(13.32-291.88) 0.98 2.91E-04 94.23(22.05-402.69) 0.99 1.61E-06
TRAP1 2 280.64(39.18-2010.18) 0.99 3.78E-05 235.61(51.03-1087.74) | 0.99 4.87E-09
TUBB2A 2 190.53(53.02-684.73) 0.99 1.68E-12 92.27(32.80-259.57) 0.99 <1.00E-15

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are
ordered by number of indels.
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Table S11: Synaptic genes showing enrichment of indels in Spanish patients with Meniere disease and tinnitus
almost extreme phenotype (MD-AEP). Listed genes were significant when they were compared against gnomAD

Non-Finnish European reference dataset

Gene #indels | 9NOMAD.v2 EF | Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(CI)
RYR2 6 6.30(2.95-13.42) 0.84 3.62E-03 5.34(2.52-11.33) 0.81 2.39E-02
TSC2 4 39.86(14.04-113.21) 0.97 8.49E-09 36.07(13.232-98.33) 0.97 4.58E-09
ANK?2 4 9.81(3.59-26.79) 0.90 1.58E-02 11.18(4.13-30.24) 0.91 3.73E-03
SFXN5 3 71.77(20.53-250.91) 0.99 4.14E-08 88.62(27.31-287.58) 0.99 1.55E-10
BRSK1 3 119.64(32.02-446.97) 0.99 2.11E-09 54.44(16.99-174.50) 0.98 3.28E-08
ENAH 3 153.82(39.34-601.44) 0.99 8.54E-10 71.74(22.24-231.37) 0.99 1.61E-09
EPB41L2 3 28.32(8.63-92.90) 0.96 6.55E-05 21.82(6.89-69.09) 0.95 3.01E-04
GRIP1 3 89.72(25.02-321.70) 0.99 9.66E-09 113.00(34.52-369.91) 0.99 1.05E-11
HSPA9 3 215.36(50.93-910.60) 0.99 5.29E-10 188.34(56.02-633.25) 0.99 <1.00E-15
JUP 3 8.79(3.21-24.07) 0.89 | 4.38E-02 10.23(3.77-27.77) 0.90 9.43E-03
VPS8 3 23.91(7.34-77.92) 0.96 2.63E-04 29.14(9.18-92.54) 0.97 2.01E-05
AARS 2 29.89(6.96-128.45) 0.97 9.31E-03 65.50(15.65-274.08) 0.98 1.94E-05
ACTR2 2 65.25(14.25-298.75) 0.98 1.39E-04 66.95(15.99-280.35) 0.99 1.65E-05
ANXAB 2 358.95(49.99-2577.53) 0.99 9.32E-06 376.71(78.85-1799.65) 0.99 1.99E-10
ATP2A1 2 47.84(10.78-212.39) 0.98 6.89E-04 34.62(8.39-142.88) 0.97 1.80E-03
ATP6VIC2 | 2 119.64(23.81-601.07) 0.99 1.18E-05 502.29(99.98-2523.52) 0.99 8.12E-11
BASP1 2 71.77(15.50-332.42) 0.99 8.77E-05 47.07(11.34-195.35) 0.98 2.13E-04
BIN1 2 39.86(9.11-174.44) 0.97 1.87E-03 42.43(10.24-175.72) 0.98 4.44E-04
CSNK2A1 2 27.59(6.45-118.06) 0.96 1.46E-02 35.86(8.68-148.07) 0.97 1.42E-03
DAAM1 2 24.73(5.81-105.28) 0.96 2.67E-02 25.74(6.26-105.80) 0.96 1.26E-02
DNM1L 2 23.91(5.63-101.61) 0.96 3.22E-02 23.16(5.64-95.10) 0.96 2.45E-02
DOCK9 2 79.75(16.98-374.52) 0.99 5.42E-05 65.50(15.65-274.08) 0.98 1.94E-05
DPYSL?2 2 57.31(16.65-197.29) 0.98 2.58E-07 54.42(16.87-175.52) 0.98 4.24E-08
EIF3C 2 119.64(23.81-601.07) 0.99 1.18E-05 158.60(36.38-691.39) 0.99 2.89E-08
NRXN3 3 9.81(3.58-26.90) 0.90 1.70E-02 8.89(3.28-24.12) 0.89 3.36E-02
PDE10A 3 12.95(4.04-41.51) 0.92 3.08E-02 11.81(3.74-37.27) 0.92 4.78E-02
EPS15L1 2 44.85(10.16-198.04) 0.98 9.78E-04 57.94(13.89-241.63) 0.98 4.77E-05
GAPVD1 2 12.31(4.44-34.10) 0.92 2.61E-03 18.26(6.66-50.08) 0.95 3.13E-05
HIBCH 2 37.76(8.66-164.63) 0.97 2.52E-03 42.43(10.24-175.72) 0.98 4.44E-04
HPCAL1 2 239.29(39.49-1450.11) 0.99 | 4.79E-06 94.16(22.22-399.07) 0.99 1.30E-06
ITSN2 2 35.11(10.53-117.05) 0.97 1.31E-05 21.95(6.89-69.99) 0.95 3.34E-04
MCCC1 2 51.26(11.18-228.96) 0.98 4.77E-04 35.86(8.68-148.07) 0.97 1.42E-03
MYO5A 2 239.29(39.49-1450.11) 0.99 | 4.79E-06 111.60(26.13-476.64) 0.99 3.68E-07
NOMO1 2 47.84(10.78-212.39) 0.98 6.89E-04 27.38(6.65-112.62) 0.96 8.50E-03
PARP1 2 65.25(14.25-298.75) 0.98 1.39E-04 38.13(9.22-157.61) 0.97 9.33E-04
1506.91(209.86-

PDHB 2 358.95(49.99-2577.53) 0.99 9.32E-06 10820.36) 0.99 6.50E-10
PFN2 2 143.57(27.48-750.14) 0.99 7.39E-06 215.25(48.19-961.45) 0.99 3.76E-09
POR 2 20.52(6.29-66.96) 0.95 1.04E-03 18.56(5.83-59.09) 0.95 1.45E-03
PYGB 2 358.95(49.99-2577.53) 0.99 9.32E-06 251.13(55.38-1138.89) 0.99 1.48E-09
RABSB 2 33.36(11.73-94.94) 0.97 | 9.24E-08 35.42(12.85-97.64) 097 | 101E-08
REV3L 2 119.64(23.81-601.07) 0.99 1.18E-05 115.89(27.08-495.90) 0.99 2.78E-07
RPL30 2 102.54(21-500.67) 0.99 1.97E-05 79.29(18.83-333.84) 0.99 4.69E-06
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SAE1 2 179.47(34.44-992.81) 0.99 | 5.16E-06 273.96(59.83-1254.41) 0.99 9.04E-10
SH3GL3 2 90.76(25.16-327.42) 0.99 | 1.07E-08 101.61(30.98-333.30) 0.99 4.61E-11
SORBS2 2 37.76(8.66-164.63) 0.97 | 2.52E-03 42.43(10.24-175.72) 0.98 4.44E-04
SYNPO 2 43.55(12.90-146.97) 0.98 | 2.25E-06 33.85(10.57-108.37) 0.97 5.65E-06
TCP11L1 2 15.10(4.67-48.86) 0.93 | 1.11E-02 21.34(6.69-68.01) 0.95 4.30E-04
VPS41 2 143.57(27.48-750.14) 0.99 | 7.39E-06 111.60(26.13-476.64) 0.99 3.68E-07

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are

ordered by number of indels.
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Table S12: List of synaptic genes showing enrichment of indels in Swedish tinnitus cohort compared with SweGen and

datasets

Gene #indels gnomAD.v2 EF Correctedp | 9NOMAD.V3 EF Corrected p SweGe
OR(CI) OR(CI) OR(CI

Non selected Tinnitus (N=97)

APC 4 2.58(2.08-3.20) 0.61 <1.00E-15 1.93(1.56-2.39) 0.48 2.58E-06 1.73(1.

CLASP2 4 3.13(1.92-5.10) 0.68 9.48E-03 2.82(1.74-4.56) 0.64 4.92E-02 11.18(4

Severe tinnitus(N=34)

AGL 4 6.93(4.01-11.95) 0.86 6.6E-09 7.91(4.61-13.58) 0.87 1.11E-10 5.37(2.

APC 4 3.48(2.52-4.81) 0.71 9.67E-11 2.61(1.89-3.61) 0.62 1.08E-05 2.33(1.

CLASP2 4 5.51(2.99-10.13) 0.82 8.00E-05 5.06(2.77-9.27) 0.80 2.75E-04 16.82(

PC 4 4.22(3.07-5.81) 0.76 <1.00E-15 2.99(2.17-4.10) 0.67 2.67E-08 4.37(3.

ACACA 3 172.27(92.86-319.59) 0.99 <1.00E-15 4.13(2.54-6.70) 0.76 1.88E-05 4.02(2.

APPL2 2 5.16(3.41-7.80) 0.81 1.42E-11 5.28(3.50-7.96) 0.81 4.19E-12 5.65(3.

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are orc
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Table S13: List of hearing loss genes showing an enrichment of missense rare variants in Spanish patients with Me
(MD)-EP when they were compared against CSVS reference dataset

Gene AVariants [Oggc()gS\D.VZ] EF gorrected [Oglr?\c()gS\D.vﬂ EF Corrected p g:s(\(/:si])

ADGRV1 | 16 1.74(1.24-2.44) 042 | NS 1.70(1.21-2.38) 041 | NS 2.18(1.54-
USH1G 6 19.56(8.69-44.01) 0.95 1.01E-10 22.63(10.02-51.12) 0.96 9.65E-12 7.16(3.06-
ILDR1 3 24.09(7.64-75.93) 0.96 8.50E-06 28.14(8.86-89.37) 0.96 2.29E-06 16.44(4.60
MYO3A 3 3.40(1.40-8.28) 0.71 NS 3.48(1.43-8.49) 0.71 NS 5.71(2.26-
OTOA 3 96.40(29.95-310.25) 0.99 2.80E-12 102.95(31.24-339.27) 0.99 3.98E-12 16.44(4.60
PCDH15 3 13.99(4.45-43.97) 0.93 9.61E-04 14.37(4.56-45.32) 0.93 8.22E-04 12.33(3.56
NARS2 2 116.85(27.72-492.54) 0.99 1.34E-08 122.01(28-531.73) 0.99 2.41E-08 32.90(5.97
CACNALD 2 37.43(9.13-153.43) 0.97 7.37E-05 26.13(6.36-107.46) 0.96 9.24E-04 32.90(5.97
CDCL4A | 2 5.69(1.40-23.06) 082 | Ns 6.48(1.60-26.33) 085 | NS 32.90(5.97

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered
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Table S14: List of hearing loss genes showing an enrichment of missense rare variants in Spanish patients with I
phenotype (MD-AEP) when they were compared against CSVS reference dataset

Gene #Variants gg?g@ D.v2] EF Corrected p gg?? I";‘ D.v3] EF Corrected p E)CI;S(\é:SI])

TRIOBP 13 2.09(1.35-3.23) 0.52 NS 2.19(1.42-3.39) 0.54 NS 2.42(1.56-
DSPP 12 2.26(1.43-3.57) 0.56 NS 1.52(0.96-2.40) 0.34 NS 2.92(1.83-
DFNB31 3 35.21(11.13-111.34) 0.97 2.04E-07 22.87(7.22-72.43) 0.96 1.56E-05 25.54(6.72
DIAPH1 2 58.69(14.21-242.34) 0.98 2.77E-06 43.71(10.52-181.58) 0.98 3.05E-05 34.05(6.17

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered
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Table S15: Gene Ontology analyses showing the list of genes found in Reactome pathways and GO biological proc

Total Candidate
Pathway genes genes Gene(s) name P-value
(N) (N)
o AP2A2,TUBB2A,DNM3,ANK2,WASL,TSC2,AP1G1,MYO5A,

Membrane trafficking 629 13 1.47E-12

BIN1,AAK1,KIF20B,SNX5MADD
. . AP2A2,TUBB2A,DNM3,ANK2,WASL,TSC2,AP1G1,MYO5A,

Vesicle mediated transport 724 13 8.52E-12
BIN1,AAK1,KIF20B,SNX5MADD
AP2A2,TUBB2A,DNM3,ANK2,WASL,,NRCAM,GSK3B,PLX

Nervous system development 580 9 6.59E-08
NA2,MBP

L1cam interactions 121 5 AP2A2,TUBB2A,DNM3,ANK2,WASL,NRCAM 5.90E-07

Clathrin mediated endocytosis 145 5 AP2A2,DNM3,WASL ,BIN1,AAK1 1.44E-06

Total Candidate
Biological process genes genes Gene(s) hame P-value
(N) (N)
PPP1R9A,MYO5A,BIN1,SYNPO,ANK2,MYO18A,CORO1C,

Cytoskeletal protein binding 979 20 GSK3B,DNM3,NRCAM,LLGL1,TAOK2,WASL,SORBS1,FLII, | 4.49E-19
MPRIP,KIF20B,AP1G1,SNX5,LRPPRC
PPP1R9A,MYO5A,BIN1,SYNPO,ANK2,MYO18A,CORO1C,
GSK3B,DNM3,NRCAM,

Synapse 1357 22 6.48E-19
AKAP9,SIPA1L1,IQSEC1,AAKL,CDH13,SNAP47,MBP,RGS
8,TSC2,ICA1,MADD,SGTA
PPP1R9A,MYO5A,BIN1,SYNPO,ANK2,MYO18A,CORO1C,L

Actin filament based process 804 18 LGL1,TAOK2,WASL,SORBS1,FLII,MPRIP,AKAP9 SIPA1LL, | 7.71E-18
IQSEC1,MRAS, CACNA2D1
PPP1R9A,MYO5A,BIN1,SYNPO,ANK2,

- GSK3B,DNM3,NRCAM,LLGL1,TAOK2,KIF20B,  AKAP9,

Neuron projection 1366 21 1.48E-17
SIPA1L1,

AAK1,CDH13,SNAP47,MBP,RGS8,DOCK7,NDRG2,VCAN
PPP1R9A,MYO5A,BIN1,SYNPO,ANK2,MYO18A,CORO1C,

Cytoskeleton organization 1396 20 GSK3B,LLGL1,TAOK2,WASL,SORBS1,FLII,MPRIP, 4.11E-16
AKAP9,SIPA1L1,IQSEC,MARS,DOCK7,TUBB2A
PPP1R9A,MYO5A,BIN1,SYNPO,

Actin cytoskeleton 503 13 MYO18A,CORO1C,LLGL1, TAOK2,WASL,SORBS1,FLII,MP | 8.77E-14

RIP, SH3PXD2A
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Regulation of transport

1856

19

PPP1R9A,MYO5A,BIN1, ANK2,MYO18A, GSK3B,DNM3,
LLGL1, WASL,SORBS1,
KIF20B,AP1G1,SNX5,AKAP9,AAKL,CDH13,TSC2,ICAL,
CACNA2D1

1.07E-12

Cellular component morphogenesis

800

14

PPP1R9A,ANK?2,
CORO1C,GSK3B,DNM3,NRCAM,LLGL1,TAOK2,WASL,
FLII,KIF20B, SIPA1L1,DOCK7, PLXNA2

1.67E-12

Postsynapse

640

13

PPP1R9A,MYO5A,SYNPO,ANK2,MYO18A,
GSK3B,DNM3,NRCAM, AKAP9,SIPA1LL,IQSECL,
SNAP47,TSC2

1.83E-12

Axon

643

13

PPP1R9A,MYO5A,BINI,
GSK3B,DNM3,NRCAM,LLGL1,TAOK2,KIF20B,AAK1,MBP,
DOCK?7, NDRG2

1.94E-12

FDR=False discovery rate

110



Table S16: Hypothesis-free data driven approach. Genes showing enrichment of missense variants in Spanish pat
extreme phenotype (MD-EP). Listed genes were significant when they were compared against gnomAD Non-Finnish Eu

Gene #variants | 9NOMAD.v2 EF Corrected | gnomAD.v3 EF Corrected p C

OR(CI) p OR(CI) o
ACAN 13 5.51(3.45-8.8) 0.82 1.77E-08 3.88(2.43-6.2) 0.74 2.78E-04 4.
PRAMEF1 12 7.49(4.94-11.36) 0.87 <1.00E-15 9.89(6.52-15.01) 0.90 <1.00E-15 13
MYH7B 10 6.45(3.64-11.43) 0.84 3.55E-06 5.46(3.08-9.69) 0.82 1.25E-04 7.
ADGRV1 9 21.5(12.1-38.23) 0.95 <1.00E-15 23.19(13.01-41.34) 0.96 <1.00E-15 18
DCHSL 9 7.11(4.01-12.61) 086 | 402607 | 7.32(4.13-13) 0.86 2.11E-07 7.
PRUNE2 9 6.02(3.6-10.07) 0.83 1.53E-07 5.89(3.52-9.85) 0.83 2.92E-07 5.
ZNF469 9 5.35(2.77-10.35) 0.81 1.25E-02 5.24(2.7-10.13) 0.81 1.79E-02 7.
CEP290 8 6.99(3.73-13.1) 0.86 2.48E-05 6.67(3.56-12.5) 0.85 6.40E-05 5.
CEP295 8 117.74(57.34-241.77) 0.99 <1.00E-15 95.48(46.1-197.76) 0.99 <1.00E-15 1€
C5orf42 7 57.67(27.02-123.06) 0.98 0.00E+00 58.67(27.26-126.26) 0.98 <1.00E-15 28
CASZ1 7 5.92(2.94-11.92) 0.83 1.32E-02 5.88(2.92-11.87) 0.83 1.47E-02 9.
ENOSF1 7 38.11(17.93-81.03) 0.97 <1.00E-15 19.06(8.97-40.49) 0.95 3.51E-10 1€
MCM8 7 7(3.31-14.8) 0.86 6.90E-03 7.18(3.39-15.2) 0.86 5.05E-03 7.
SEC16A 7 12.82(6.36-25.88) 0.92 2.10E-08 13.35(6.6-26.98) 0.93 1.07E-08 9.(
WDR62 7 20.82(11.08-39.11) 0.95 <1.00E-15 21.67(11.5-40.82) 0.95 <1.00E-15 11
ABCAl 6 17.51(7.79-39.39) 0.94 8.83E-08 16.42(7.28-37.01) 0.94 3.01E-07 16
ADAMTS10 6 31.68(14.05-71.46) 0.97 <1.00E-15 33.78(14.89-76.61) 0.97 <1.00E-15 14
ARHGAP39 6 32.16(15.87-65.19) 0.97 <1.00E-15 28.85(14.19-58.67) 0.97 <1.00E-15 22
BAIAP3 6 6.32(3.13-12.75) 0.84 5.26E-03 5.91(2.93-11.93) 0.83 1.45E-02 7.
CEP250 6 9.16(4.72-17.77) 0.89 119E-06 | 8.58(4.41-16.66) 0.88 4.55E-06 5.
FLNB 6 11.67(5.19-26.21) 0.91 5.35E-05 12.83(5.7-28.88) 0.92 1.43E-05 1C
PRRC2C 6 29.27(12.98-66) 0.97 8.88E-12 32.93(14.52-74.68) 0.97 <1.00E-15 1C
SHROOM2 6 131.4(60.68-284.55) 0.99 <1.00E-15 148.24(66.88-328.59) 0.99 <1.00E-15 57
AKAP9 6 12.32(5.48-27.68) 0.92 2.40E-05 13.89(6.17-31.27) 0.93 4.28E-06 6.
CHRNG 5 9.19(3.79-22.29) 0.89 1.85E-02 9.84(4.05-23.91) 0.90 8.93E-03 17
CIC 5 97.54(42.61-223.24) 0.99 <1.00E-15 83.68(36.2-193.41) 0.99 <1.00E-15 33
EML6 5 166.22(66.2-417.35) 0.99 <1.00E-15 203.37(77.79-531.69) 1.00 <1.00E-15 27
FAM71E2 5 16.44(6.77-39.93) 0.94 1.27E-05 14.86(6.11-36.19) 0.93 5.53E-05 27
ITGAX 5 73.02(29.68-179.66) 0.99 <1.00E-15 61.68(24.88-152.94) 0.98 <1.00E-15 14
MPDZ 5 36.37(14.9-88.74) 0.97 5.77E-11 33.88(13.81-83.1) 0.97 2.84E-10 11
PELP1 5 8.42(3.74-18.92) 0.88 5.09E-03 7.65(3.4-17.21) 0.87 1.76E-02 11
RTTN 5 16.27(6.7-39.52) 004 | 1.46E-05 | 15.41(6.33-37.52) 0.94 3.43E-05 2C
SPATA31D1 5 120.5(48.47-299.57) 0.99 <1.00E-15 21.19(8.68-51.71) 0.95 3.98E-07 27
SPTB 5 15.97(6.58-38.8) 0.94 1.88E-05 18.47(7.58-45.04) 0.95 2.84E-06 13
TRPV1 5 25.82(12.73-52.35) 0.96 <1.00E-15 31.12(15.27-63.42) 0.97 <1.00E-15 13
USP17L10 5 14.73(7.82-27.72) 0.93 <1.00E-15 17.93(9.5-33.84) 0.94 <1.00E-15 21
ANK2 4 18.3(6.78-49.4) 095 | LOIE-04 | 19.95(7.36-54.08) 0.95 8.00E-05 21
ARHGAP9 4 12.28(4.56-33.11) 0.92 1.42E-02 12.75(4.72-34.46) 0.92 1.03E-02 1€
BCAR3 4 22.24(9.12-54.19) 0.96 1.76E-07 19.82(8.11-48.43) 0.95 1.15E-06 14
C70rf33 4 14.11(5.23-38.04) 0.93 3.38E-03 11.86(4.39-32.02) 0.92 2.14E-02 21
CACNALS 4 14.65(5.43-39.5) 0.93 2.27E-03 16.69(6.17-45.16) 0.94 6.02E-04 65
CCDC178 4 21.06(7.8-56.87) 0.95 3.68E-05 16.13(5.96-43.66) 0.94 8.71E-04 65
CHAD 4 254.78(99.41-652.99) 1.00 <1.00E-15 367.63(132.54-1019.7) 1.00 <1.00E-15 41
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DSCAMLL | 4 105.64(38.3-291.38) 0.9 <1.00E-15 | 122.01(43.09-345.5) 0.99 <1.00E-15 37
FRMPD1 4 33.37(13.66-81.52) 0.97 2.80E-10 | 40.83(16.57-100.6) 0.98 1.33E-11 11
GBP5 4 11.81(4.38-31.83) 0.92 2.10E-02 13.54(5.01-36.6) 0.93 559E-03 3z
KANK1L 4 48.19(17.72-131.04) 0.98 6.26E-10 32.29(11.85-87.98) 0.97 2.19E-07 21
KIF20B 4 7.76(3.45-17.49) 0.87 1.50E-02 8.43(3.74-19.01) 0.88 559E-03 1€
KLHDC4 4 14.01(5.2-37.76) 0.93 3.65E-03 14.72(5.45-39.82) 0.93 2.33E-03 [
LRPPRC 4 49.75(18.29-135.32) 0.98 3.95E-10 73.2(26.39-203.03) 0.99 444E-12 21
LSG1 4 7.34(3.89-13.84) 0.86 1.46E-05 7.47(3.96-14.11) 0.87 1.08E-05 5.
MYO3B 4 85.15(37.22-194.78) 0.99 <1.00E-15_ | 79.09(34.21-182.86) 0.99 <1.00E-15 12
MYO7B 4 12.28(4.56-33.11) 0.92 1.42E-02 14.72(5.45-39.82) 0.93 2.33E-03 12
NOTCH3 4 74.87(27.35-204.94) 0.99 <1.00E-15 | 82.87(29.76-230.81) 0.9 <1.00E-15 21
POLQ 4 29.2(10.79-79.03) 0.97 6.17E-07 20.61(7.6-55.87) 0.95 550E-05 21
POM12IL12 | 4 65.91(24.13-180.01) 0.98 444E-12 | 48.26(17.59-132.42) 0.98 1.03E-09 3z
PRDM2 4 27.14(10.03-73.42) 0.96 1.58E-06 25.09(9.24-68.15) 0.96 5.23E-06 1€
RECQL4 4 31.42(12.86-76.72) 0.97 7.59E-10 31.49(12.83-77.31) 0.97 1.03E-09 1€
SEMA5B 4 37.43(13.8-101.5) 0.97 2.21E-08 38.18(13.98-104.32) 0.97 2.44E-08 1€
SLFN12 4 122.42(44.2-339.03) 0.99 <1.00E-15 | 129.19(45.49-366.93) 0.99 0.00E+00 [E
SPTBN4 4 65.91(24.13-180.01) 0.98 444E-12 72(25.97-199.6) 0.99 444E-12 [
SSFA2 4 86.65(31.56-237.87) 0.99 0.00E+00 | 104.58(37.2-293.97) 0.99 0.00E+00 1€
SYDE2 4 265.96(92.77-762.42) 1.00 0.00E+00 | 99.83(35.58-280.04) 0.9 0.00E+00 21
SYNPO 4 74.87(27.35-204.94) 0.9 0.00E+00 | 78.43(28.21-218.03) 0.9 0.00E+00 3
TAS2R30 4 90.75(51.28-160.6) 0.99 0.00E+00 | 11.63(6.63-20.4) 0.91 0.00E+00 17
TBCID8 4 265.96(92.77-762.42) 1.00 0.00E+00 | 199.67(68.28-583.85) 0.9 0.00E+00 21
TNKSIBPL | 4 18.57(6.88-50.12) 0.95 1.62E-04 17.14(6.33-46.41) 0.94 4.47E-04 1€
TSC2 4 63.73(23.35-173.96) 0.98 8.88E-12 53.56(19.47-147.3) 0.98 2.49E-10 21
USP25 4 49.75(18.29-135.32) 0.98 3.95E-10 | 45.27(16.52-124.07) 0.98 2.47E-09 21
BAGALNT3 | 3 7.62(3.74-15.5) 0.87 4.19E-04 | 6.86(3.37-13.96) 0.85 2.23E-03 6.
BINL 3 56.7(17.82-180.42) 0.98 1.62E-07 73.2(22.54-237.74) 0.99 1.82E-08 4
C11orf0 3 304.45(89.3-1038.02) 1.00 <1.00E-15 | 173.39(50.86-591.18) 0.99 4.44E-12 4
CCDC88B 3 304.45(89.3-1038.02) 1.00 <1.00E-15_ | 235.33(67.04-826.03) 1.00 <1.00E-15 4
CDH13 3 12.15(4.5-32.85) 0.92 1.69E-02 13.09(4.83-35.46) 0.92 8.54E-03 3
COG5 3 101.47(31.48-327.05) 0.9 2.04E-10 126.71(38-422.44) 0.99 6.66E-11 4
DHX34 3 525.88(145.47-1901.09) 1.00 <1.00E-15_ | 253.43(71.6-897.05) 1.00 <1.00E-15 4
FAAP100 3 13.9(5.14-37.59) 0.93 4.27E-03 13.57(5.01-36.78) 0.93 5.89E-03 3
IQCC 3 12.14(4.49-32.79) 0.92 1.72E-02 11.73(4.33-31.76) 0.91 2.55E-02 1€
LAMAZ 3 310.26(106.87-900.72) 1.00 <1.00E-15 | 736.32(206-2631.85) 1.00 <1.00E-15 12
LLGL1 3 27.29(10.06-74.03) 0.96 1.67E-06 25.08(9.21-68.31) 0.96 5.86E-06 13
MADD 3 128.54(39.58-417.46) 0.99 1.33E-11 73.2(22.54-237.74) 0.99 1.82E-08 48
MBD6 3 28.2(8.94-89.01) 0.96 247E-04 | 26.77(8.44-84.95) 0.96 4.82E-04 48
MPRIP 3 82.62(25.77-264.88) 0.99 2.22E-09 78.43(24.09-255.39) 0.99 8.82E-09 4
MTMRS 3 14.29(7.54-27.1) 0.93 8.88E-12 13.89(7.31-26.37) 0.93 1.78E-11 9.
MYO18A 3 204.11(72.08-577.95) 1.00 <1.00E-15_ | 169.9(58.69-491.88) 0.99 <1.00E-15 3
NLRP6 3 517.11(169.94-1573.52) 1.00 <1.00E-15_ | 883.59(235.31-3317.87) | 1.00 <1.00E-15 b€
NOS1 3 83.82(26.14-268.81) 0.99 1.88E-09 109.81(33.21-363.11) 0.99 2.71E-10 48
NR1D1 3 73.21(22.9-234.07) 0.99 8.97E-09 78.43(24.09-255.39) 0.99 8.82E-09 4
NRCAM 3 69.68(21.82-222.56) 0.99 1.58E-08 50.67(15.78-162.74) 0.98 8.56E-07 4
NXPEL 3 19.53(6.2-61.47) 0.95 7.59E-03 16.97(5.37-53.57) 0.94 2.78E-02 4
PCDHA7? 3 22.76(7.22-71.71) 0.96 1.90E-03 23.69(7.48-75.05) 0.96 1.50E-03 4
PLXNB2 3 79.23(24.74-253.74) 0.99 3.61E-09 76.61(23.55-249.22) 0.99 1.13E-08 4
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SHANK1 3 20.02(7.39-54.21) 0.95 7.41E-05 19.97(7.35-54.27) 0.95 8.74E-05 33
SMTN 3 72.47(26.42-198.79) 0.99 <1.00E-15 57.35(20.77-158.41) 0.98 1.11E-10 27
SPOCK1 3 63.55(19.93-202.63) 0.98 4.49E-08 82.35(25.24-268.68) 0.99 5.29E-09 49
SRRM4 3 29.76(13.11-67.56) 0.97 8.88E-12 25.95(11.39-59.09) 0.96 1.78E-10 25
TOGARAM1 | 3 72.29(22.62-231.08) 0.99 1.04E-08 73.2(22.54-237.74) 0.99 1.82E-08 49
VWAS5B1 3 198.88(70.32-562.43) 0.99 <1.00E-15 220.88(74.74-652.81) 1.00 <1.00E-15 33
WNK2 3 482.06(134.87-1722.95) 1.00 <1.00E-15 366.07(98.29-1363.47) 1.00 <1.00E-15 4¢

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ord

113



Table S17: Hypothesis-free data driven approach. Genes showing enrichment of synonymous variants in Spanish pa
extreme phenotype (MD-EP). Listed genes were significant when they were compared against gnomAD Non-Finnish Eu

gnomAD.v2

gnomAD.v3

Gene #variants EF Corrected p EF Corrected p
OR(CI) OR(CI)

DNHD1 8 5.4(3.1-9.3) 0.81 4.67E-05 5.6(3.2-9.7) 0.82 2.32E-05
SPEN 8 24.9(12.3-50.2) 0.96 <1.00E-15 25.5(12.6-51.7) 0.96 <1.00E-15
CFAP46 7 5.4(2.8-10.4) 0.81 1.20E-02 5.7(2.9-11) 0.82 5.65E-03
INTS1 7 8.8(4.4-17.8) 0.89 2.39E-05 9.4(4.7-19) 0.89 7.71E-06
TUBGCP6 7 21.5(10.6-43.5) 0.95 <1.00E-15 18.9(9.3-38.2) 0.95 4.44E-12
CCDC40 6 41.1(19.3-87.6) 0.98 <1.00E-15 47.6(22.2-102.1) 0.98 <1.00E-15
EPG5 6 6.5(3.5-12.2) 0.85 1.09E-04 6.8(3.6-12.8) 0.85 4.80E-05
FN1 6 19.1(9-40.5) 0.95 2.93E-10 21.6(10.1-45.9) 0.95 3.11E-11
LTK 6 7.5(3.3-16.7) 0.87 2.20E-02 11.6(5.2-26.2) 0.91 5.98E-05
NCOR2 6 35.6(15.8-80.3) 0.97 <1.00E-15 32(14.1-72.5) 0.97 <1.00E-15
TECPR1 6 5.2(3-9.1) 0.81 9.15E-05 5.6(3.2-9.7) 0.82 2.68E-05
AP5B1 5 11.9(4.9-28.9) 0.92 8.76E-04 17.3(7.1-42) 0.94 7.39E-06
CCDC168 5 6.5(3-13.7) 0.85 2.24E-02 6.1(2.9-13) 0.84 4.41E-02
CSPG4 5 55.7(22.7-136.5) 0.98 <1.00E-15 28.7(11.7-70.3) 0.97 3.91E-09
KCNT1 5 15.1(6.2-36.7) 0.93 3.97E-05 14.1(5.8-34.4) 0.93 1.07E-04
MIB2 5 47(20.7-106.4) 0.98 <1.00E-15 42.4(18.6-96.5) 0.98 <1.00E-15
MTCL1 5 13.7(5.7-33.4) 0.93 1.41E-04 17(7-41.5) 0.94 8.78E-06
NFATC1 5 51.1(22.5-115.9) 0.98 <1.00E-15 57(24.9-130.5) 0.98 <1.00E-15
OR51E2 5 6.7(4.6-9.9) 0.85 <1.00E-15 6.2(4.2-9.1) 0.84 <1.00E-15
SPTBN2 5 44.1(19.5-99.9) 0.98 <1.00E-15 45.6(20-104) 0.98 <1.00E-15
CRIP2 4 46.2(17-125.5) 0.98 1.16E-09 42.6(15.6-116.7) 0.98 5.57E-09
IARS 4 35.7(13.2-96.8) 0.97 4.24E-08 35.7(13.1-97.4) 0.97 5.92E-08
JPH3 4 15.3(6.8-34.4) 0.93 1.02E-06 16.3(7.2-37) 0.94 3.91E-07
PC 4 233.7(82.2-664.9) 1.00 <1.00E-15 141.7(49.6-404.6) 0.99 <1.00E-15
PHLPP1 4 47.2(19.3-115.7) 0.98 <1.00E-15 51.5(20.8-127.5) 0.98 <1.00E-15
RIMBP2 4 26.7(11-65.2) 0.96 1.03E-08 25.5(10.4-62.5) 0.96 2.74E-08
TRRAP 4 45.4(16.7-123.2) 0.98 1.50E-09 34.6(12.7-94.3) 0.97 9.00E-08
ZFPM1 4 16.7(6.8-40.6) 0.94 1.13E-05 23.7(9.7-58.1) 0.96 8.08E-08
AP3D1 3 525.9(145.5-1901.1) 1.00 <1.00E-15 366.1(98.3-1363.5) 1.00 <1.00E-15
ARHGAP31 3 40.6(16.5-99.7) 0.98 1.33E-11 34.3(13.9-84.4) 0.97 3.24E-10
CCDC154 3 231.4(69.2-773.3) 1.00 <1.00E-15 156.9(46.4-530.7) 0.99 8.88E-12
DEAF1 3 28.3(9-89.4) 0.96 2.36E-04 22.1(7-70) 0.95 2.81E-03
FAM90A1 3 31.3(13.8-71) 0.97 4.44E-12 29.6(13-67.6) 0.97 1.33E-11
FGD4 3 26.8(9.9-72.7) 0.96 2.08E-06 21.7(8-59.1) 0.95 3.24E-05
HIST1H1C 3 76(27.7-208.7) 0.99 <1.00E-15 133.9(46.9-381.8) 0.99 <1.00E-15
IQSEC2 3 22.7(8.4-61.4) 0.96 1.69E-05 25.4(9.3-69.1) 0.96 5.10E-06
MAGEC1 3 105.2(32.6-339.3) 0.99 1.33E-10 67.2(20.8-217.7) 0.99 4.46E-08
MASP1 3 37.8(13.9-102.8) 0.97 2.21E-08 35.9(13.1-98.2) 0.97 6.28E-08
NEK10 3 33.9(12.5-92) 0.97 9.94E-08 33.7(12.3-92.1) 0.97 1.43E-07
SCN4A 3 6.8(4.2-11.1) 0.85 2.58E-10 6.8(4.2-11) 0.85 3.33E-10
SETD2 3 170.1(51.8-559) 0.99 <1.00E-15 173.4(50.9-591.2) 0.99 4.44E-12
SETMAR 3 16.4(7.2-37.1) 0.94 3.98E-07 21.5(9.4-48.8) 0.95 5.13E-09
SIN3A 3 8.9(4.4-18.2) 0.89 2.97E-05 9.2(4.5-18.7) 0.89 2.01E-05
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YTHDF1 3 53.8(21.9-132.6) 0.98 <1.00E-15 50.5(20.3-125.2) 0.98 <1.00E-15

ZEB1 3 41(12.9-129.9) 098 | 5.47E-06 37.9(11.9-120.8) 0.97 1.67E-05

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, gen
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Table S18: Hypothesis-free data driven approach. The filter was applied to exclude hearing loss genes previously assoc
Genes showing enrichment of missense variants in Spanish patients with Meniere disease and tinnitus extreme phenoty

when they were compared against gnomAD Non-Finnish European and CSVS reference dataset

Gene #variants | 9NOMAD.v2 EF Corrected | gnomAD.v3 EF Corrected p %

OR(CI) p OR(CI) o
PRAMEF1 12 7.49(4.94-11.36) 0.87 <1.00E-15 9.89(6.52-15.01) 0.90 <1.00E-15 13
DCHSL 9 7.11(4.01-12.61) 086 | 402607 | 7.32(4.13-13) 0.86 2.11E-07 7.
CEP290 8 6.99(3.73-13.1) 0.86 2.48E-05 6.67(3.56-12.5) 0.85 6.40E-05 5.
CEP295 8 117.74(57.34-241.77) 0.99 <1.00E-15 95.48(46.1-197.76) 0.99 <1.00E-15 16
C50rf42 7 57.67(27.02-123.06) 0.98 0.00E+00 58.67(27.26-126.26) 0.98 <1.00E-15 28
CASZ1 7 5.92(2.94-11.92) 0.83 1.32E-02 5.88(2.92-11.87) 0.83 1.47E-02 9.
ENOSF1 7 38.11(17.93-81.03) 0.97 <1.00E-15 19.06(8.97-40.49) 0.95 3.51E-10 16
MCM8 7 7(3.31-14.8) 0.86 6.90E-03 7.18(3.39-15.2) 0.86 5.05E-03 7.
WDR62 7 20.82(11.08-39.11) 0.95 <1.00E-15 21.67(11.5-40.82) 0.95 <1.00E-15 11
ABCAl 6 17.51(7.79-39.39) 0.94 8.83E-08 16.42(7.28-37.01) 0.94 3.01E-07 16
ADAMTS10 6 31.68(14.05-71.46) 0.97 <1.00E-15 33.78(14.89-76.61) 0.97 <1.00E-15 14
ARHGAP39 6 32.16(15.87-65.19) 0.97 <1.00E-15 28.85(14.19-58.67) 0.97 <1.00E-15 22
BAIAP3 6 6.32(3.13-12.75) 0.84 5.26E-03 5.91(2.93-11.93) 0.83 1.45E-02 7.
CEP250 6 9.16(4.72-17.77) 0.89 1.19E-06 8.58(4.41-16.66) 0.88 4.55E-06 5.
FLNB 6 11.67(5.19-26.21) 0.91 5.35E-05 12.83(5.7-28.88) 0.92 1.43E-05 1C
PRRC2C 6 29.27(12.98-66) 0.97 8.88E-12 32.93(14.52-74.68) 0.97 <1.00E-15 1C
SHROOM?2 6 131.4(60.68-284.55) 0.99 <1.00E-15 148.24(66.88-328.59) 0.99 <1.00E-15 57
AKAP9 6 12.32(5.48-27.68) 0.92 2.40E-05 13.89(6.17-31.27) 0.93 4.28E-06 6.
CHRNG 5 9.19(3.79-22.29) 0.89 1.85E-02 9.84(4.05-23.91) 0.90 8.93E-03 17
CIC 5 97.54(42.61-223.24) 0.99 <1.00E-15 83.68(36.2-193.41) 0.99 <1.00E-15 33
EML6 5 166.22(66.2-417.35) 0.99 <1.00E-15 203.37(77.79-531.69) 1.00 <1.00E-15 27
FAMT71E2 5 16.44(6.77-39.93) 0.94 1.27E-05 14.86(6.11-36.19) 0.93 5.53E-05 27
ITGAX 5 73.02(29.68-179.66) 0.99 <1.00E-15 61.68(24.88-152.94) 0.98 <1.00E-15 14
MPDZ 5 36.37(14.9-88.74) 0.97 5.77E-11 33.88(13.81-83.1) 0.97 2.84E-10 11
PELPL 5 8.42(3.74-18.92) 0.88 5.00E-03 | 7.65(3.4-17.21) 0.87 1.76E-02 11
RTTN 5 16.27(6.7-39.52) 0.94 1.46E-05 15.41(6.33-37.52) 0.94 3.43E-05 2(
SPATA31D1 5 120.5(48.47-299.57) 0.99 <1.00E-15 21.19(8.68-51.71) 0.95 3.98E-07 27
USP17L10 5 14.73(7.82-27.72) 0.93 <1.00E-15 17.93(9.5-33.84) 0.94 <1.00E-15 21
ANK?2 4 18.3(6.78-49.4) 0.95 1.91E-04 19.95(7.36-54.08) 0.95 8.00E-05 21
ARHGAP9 4 12.28(4.56-33.11) 0.92 1.42E-02 12.75(4.72-34.46) 0.92 1.03E-02 16
BCAR3 4 22.24(9.12-54.19) 0.96 1.76E-07 19.82(8.11-48.43) 0.95 1.15E-06 14
C70rf33 4 14.11(5.23-38.04) 0.93 3.38E-03 11.86(4.39-32.02) 0.92 2.14E-02 21
CCDC178 4 21.06(7.8-56.87) 0.95 3.68E-05 16.13(5.96-43.66) 0.94 8.71E-04 65
CHAD 4 254.78(99.41-652.99) 1.00 <1.00E-15 367.63(132.54-1019.7) 1.00 <1.00E-15 41
DSCAML1 4 105.64(38.3-291.38) 0.99 <1.00E-15 122.01(43.09-345.5) 0.99 <1.00E-15 32
FRMPD1 4 33.37(13.66-81.52) 0.97 2.80E-10 40.83(16.57-100.6) 0.98 1.33E-11 11
GBP5 4 11.81(4.38-31.83) 0.92 2.10E-02 13.54(5.01-36.6) 0.93 5.59E-03 32
KANK1 4 48.19(17.72-131.04) 0.98 6.26E-10 32.29(11.85-87.98) 0.97 2.19E-07 21
KIF20B 4 7.76(3.45-17.49) 0.87 1.50E-02 8.43(3.74-19.01) 0.88 5.59E-03 16
KLHDC4 4 14.01(5.2-37.76) 0.93 3.65E-03 14.72(5.45-39.82) 0.93 2.33E-03 65
LRPPRC 4 49.75(18.29-135.32) 0.98 3.95E-10 73.2(26.39-203.03) 0.99 4.44E-12 21
LSG1L 4 7.34(3.89-13.84) 0.86 146E-05 | 7.47(3.96-14.11) 0.87 1.08E-05 5.

116



MYO3B 4 85.15(37.22-194.78) 0.99 <1.00E-15 | 79.09(34.21-182.86) 0.99 <1.00E-15 12
MYO7B 4 12.28(4.56-33.11) 0.92 1.42E-02 | 14.72(5.45-39.82) 0.93 2.33E-03 12
NOTCH3 4 74.87(27.35-204.94) 0.99 <1.00E-15 | 82.87(29.76-230.81) 0.99 <1.00E-15 21
POLQ 4 29.2(10.79-79.03) 0.97 6.17E-07 | 20.61(7.6-55.87) 0.95 5.50E-05 21
POMI21L12 | 4 65.91(24.13-180.01) 0.98 444E-12 | 48.26(17.59-132.42) 0.98 1.03E-09 32
PRDM2 4 27.14(10.03-73.42) 0.96 158E-06 | 25.09(9.24-68.15) 0.96 5.23E-06 1€
RECQL4 4 31.42(12.86-76.72) 0.97 759E-10 | 31.49(12.83-77.31) 0.97 1.03E-09 16
SEMA5B 4 37.43(13.8-101.5) 0.97 2.21E-08 | 38.18(13.98-104.32) 0.97 2.44E-08 16
SLFN12 4 122.42(44.2-339.03) 0.99 <1.00E-15_ | 129.19(45.49-366.93) 0.99 0.00E+00 [
SPTBN4 4 65.91(24.13-180.01) 0.98 444E-12 | 72(25.97-199.6) 0.99 444E-12 [
SSFA2 4 86.65(31.56-237.87) 0.99 0.00E+00 | 104.58(37.2-293.97) 0.99 0.00E+00 1€
SYDE2 4 265.96(92.77-762.42) 1.00 0.00E+00 | 99.83(35.58-280.04) 0.99 0.00E+00 21
SYNPO 4 74.87(27.35-204.94) 0.99 0.00E+00 | 78.43(28.21-218.03) 0.99 0.00E+00 32
TAS2R30 4 90.75(51.28-160.6) 0.99 0.00E+00 | 11.63(6.63-20.4) 0.1 0.00E+00 12
TBC1D8 4 265.96(92.77-762.42) 1.00 0.00E+00 | 199.67(68.28-583.85) 0.99 0.00E+00 21
TNKSIBPL | 4 18.57(6.88-50.12) 0.95 1.62E-04 | 17.14(6.33-46.41) 0.94 447E-04 1€
TSC2 4 63.73(23.35-173.96) 0.98 8.88E-12 | 53.56(19.47-147.3) 0.98 2.49E-10 21
USP25 4 49.75(18.29-135.32) 0.98 3.95E-10 | 45.27(16.52-124.07) 0.98 2.47E-09 21
BAGALNT3 | 3 7.62(3.74-15.5) 0.87 419E-04 | 6.86(3.37-13.96) 0.85 2.23E-03 6.
BINL 3 56.7(17.82-180.42) 0.98 1.62E-07 | 73.2(22.54-237.74) 0.99 1.82E-08 4
C11orf80 3 304.45(89.3-1038.02) 1.00 <1.00E-15_ | 173.39(50.86-591.18) 0.99 444E-12 4
CCDC88B__ | 3 304.45(89.3-1038.02) 1.00 <1.00E-15 | 235.33(67.04-826.03) 1.00 <1.00E-15 4¢
CDH13 3 12.15(4.5-32.85) 0.92 1.69E-02 | 13.09(4.83-35.46) 0.92 8.54E-03 3
COG5 3 101.47(31.48-327.05) 0.99 2.04E-10 | 126.71(38-422.44) 0.99 6.66E-11 4¢
DHX34 3 525.88(145.47-1901.09) 1.00 <1.00E-15_ | 253.43(71.6-897.05) 1.00 <1.00E-15 4
FAAP100 3 13.9(5.14-37.59) 0.93 427E-03 | 13.57(5.01-36.78) 0.93 5.89E-03 3
IQCC 3 12.14(4.49-32.79) 0.92 1.72E-02 | 11.73(4.33-31.76) 091 2.55E-02 16
LAMA4 3 310.26(106.87-900.72) 1.00 <1.00E-15 | 736.32(206-2631.85) 1.00 <1.00E-15 12
LLGLL 3 27.29(10.06-74.03) 0.96 167E-06 | 25.08(9.21-68.31) 0.96 5.86E-06 13
MADD 3 128.54(39.58-417.46) 0.99 133E-11 | 73.2(22.54-237.74) 0.99 1.82E-08 4¢
MBD6 3 28.2(8.94-89.01) 0.96 2.47E-04 | 26.77(8.44-84.95) 0.96 4.82E-04 4¢
MPRIP 3 82.62(25.77-264.88) 0.99 2.22E-09 | 78.43(24.09-255.39) 0.99 8.82E-09 4
MTMRS 3 14.29(7.54-27.1) 0.93 8.88E-12 | 13.89(7.31-26.37) 0.93 1.78E-11 9.
MYOL8A 3 204.11(72.08-577.95) 1.00 <1.00E-15 | 169.9(58.69-491.88) 0.99 <1.00E-15 3
NLRP6 3 517.11(169.94-1573.52) 1.00 <1.00E-15 | 883.59(235.31-3317.87) | 1.00 <1.00E-15 66
NR1D1 3 73.21(22.9-234.07) 0.99 8.97E-09 | 78.43(24.09-255.39) 0.99 8.82E-09 4¢
NRCAM 3 69.68(21.82-222.56) 0.99 158E-08 | 50.67(15.78-162.74) 0.98 8.56E-07 4¢
NXPEL 3 19.53(6.2-61.47) 0.95 759E-03 | 16.97(5.37-53.57) 0.94 2.78E-02 48
PCDHA? 3 22.76(7.22-71.71) 0.96 1.90E-03 | 23.69(7.48-75.05) 0.96 1.50E-03 48
PLXNB2 3 79.23(24.74-253.74) 0.99 3.61E-09 | 76.61(23.55-249.22) 0.99 1.13E-08 4¢
SHANK1 3 20.02(7.39-54.21) 0.95 7.41E-05 | 19.97(7.35-54.27) 0.95 8.74E-05 33
SMTN 3 72.47(26.42-198.79) 0.99 <1.00E-15 | 57.35(20.77-158.41) 0.98 1.11E-10 22
SPOCK1 3 63.55(19.93-202.63) 0.98 4.49E-08 | 82.35(25.24-268.68) 0.99 5.20E-09 48
SRRM4 3 29.76(13.11-67.56) 0.97 8.88E-12 | 25.95(11.39-59.09) 0.96 1.78E-10 25
TOGARAML | 3 72.29(22.62-231.08) 0.99 1.04E-08 | 73.2(22.54-237.74) 0.99 1.82E-08 4¢
VWA5BL1 3 198.88(70.32-562.43) 0.99 <1.00E-15 | 220.88(74.74-652.81) 1.00 <1.00E-15 33
WNK2 3 482.06(134.87-1722.95) 1.00 <1.00E-15 | 366.07(98.29-136347) | 1.00 <1.00E-15 4¢
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OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Table S19: Hypothesis-free data driven approach. Genes showing enrichment of missense variants in Spanish patients
extreme phenotype (MD-AEP). Listed genes were significant when they were compared against gnomAD Non-Finnish E

Gene #variants | 9NOMAD.v2 EF Correctedp | 9NOMAD.v3 EF Correctedp | CSVS
OR(CI) OR(CI) OR(C
ZNF729 13 7.26(4.83-10.92) 0.86 <1.00E-15 3.3(2.2-4.96) 0.70 1.84E-04 8.61(5
ATM 8 9.66(5.3-17.59) 090 | 2.43E-09 10.51(5.76-19.16) 090 | 3.33E-10 5.07(2
CCDC168 8 12.24(6.07-24.67) 0.92 5.07E-08 12.53(6.2-25.3) 0.92 3.58E-08 11.58(
NWDL1 8 8.06(4.16-15.61) 088 | L.23E-05 7.84(4.04-15.19) 087 | 2.18E-05 9.89(4
TOPAZL 8 5.73(2.96-11.1) 083 | 442E-03 5.19(2.68-10.05) 081 | 2.11E02 52302
ATG2B 7 9.73(4.6-20.58) 0.90 5.24E-05 15.4(7.26-32.68) 0.94 2.08E-08 29.79(
CNTRL 7 12.54(5.92-26.53) 0.92 7.60E-07 11.9(5.61-25.21) 0.92 2.08E-06 13.23(
EYS 7 11.86(5.88-23.94) 0.92 9.92E-08 36.16(17.77-73.6) 0.97 <1.00E-15 22.75(
IGFN1 7 7.71(4.23-14.05) 0.87 5.17E-07 8.64(4.73-15.76) 0.88 4.22E-08 4.62(2
MUC6 7 355.09(206.91-609.41) 0.99 <1.00E-15 7.63(4.62-12.59) 0.87 4.00E-11 4.92(2
ARHGAP23 6 12.95(6.11-27.44) 0.92 4 55E-07 6.26(2.96-13.27) 0.84 3.30E-02 10.16(
DSCAML1 6 11.78(5.24-26.47) 0.92 4.69E-05 11.7(5.2-26.34) 0.91 5.60E-05 8.87(3
FBN1 6 73.01(32.1-166.01) 0.99 <1.00E-15 70.3(30.61-161.44) 0.99 <1.00E-15 51.09(
MGAM 6 9.01(4.01-20.24) 0.89 1.99E-03 31.13(13.74-70.53) 0.97 4.44E-12 8(3.41
NCKAP5 6 30.77(13.64-69.39) 0.97 4.44E-12 41.57(18.28-94.54) 0.98 <1.00E-15 34.05(
NCOR2 6 6.9(3.42-13.92) 0.86 1.41E-03 7.6(3.76-15.36) 0.87 3.18E-04 10.13(
POM121L2 6 3.32(2.19-5.02) 0.70 2.99E-04 3.52(2.33-5.34) 0.72 5.59E-05 3.31(2
POTEE 6 33.53(14.86-75.65) 0.97 <1.00E-15 19.87(8.8-44.84) 0.95 1.23E-08 17.02(
SDK1 6 9.27(4.59-18.71) 0.89 1.06E-05 11.08(5.48-22.41) 0.91 4.40E-07 9.43(4
TAS2R30 6 5946.11(2497.31-14157.73) | 0.99 <1.00E-15 19.93(12.64-31.41) 0.95 <1.00E-15 36.37(
TLR5 6 6.46(3.63-11.49) 0.85 4.66E-06 8.89(4.99-15.85) 0.89 2.51E-09 7.6(4.1
ZNF469 6 12.68(5.99-26.87) 0.92 6.60E-07 10.88(5.13-23.08) 0.91 9.77E-06 12.25(
ATP5J2-PTCD1;
PTCD1 5 32.92(13.5-80.27) 0.97 3.11E-10 23.28(9.53-56.86) 0.96 9.84E-08 12.15(
AXINL 5 8.3(3.69-18.67) 083 | 6.12E-03 37.8(16.62-85.95) 097 | <LOOE-15 20.49(
CEP350 5 32.49(13.33-79.22) 0.97 3.86E-10 48.15(19.53-118.72) 0.98 <1.00E-15 17.02(
CFTR 5 36.41(14.92-88.84) 0.97 5.77E-11 111.43(44.15-281.25) 0.99 <1.00E-15 14.8(5
CROCC2 5 9.61(4.27-21.61) 0.90 8.91E-04 8.78(3.9-19.76) 0.89 3.12E-03 8.02(3
ITGAX 5 65.65(28.87-149.28) 0.98 <1.00E-15 21.5(9.51-48.63) 0.95 3.42E-09 10.5(4
MCF2L 5 19.67(8.09-47.82) 095 | 9.96E-07 28.98(11.84-70.95) 097 | 3.38E-09 42.57(
MPHOSPH9 5 10.75(4.78-24.18) 0.91 1.88E-04 19.48(8.62-44.02) 0.95 1.89E-08 8.71(3
PCDHAL? 5 12.88(5.3-31.26) 092 | 327E-04 10.06(4.14-24.45) 090 | 6.96E-03 21.28(
PCDHAC1 5 9.41(3.88-22.82) 0.89 1.43E-02 13.29(5.46-32.35) 0.92 2.36E-04 28.37(
PCDHB4 5 12.5(5.15-30.36) 0.92 4,75E-04 14.37(5.9-34.99) 0.93 8.62E-05 28.37(
SEC16B 5 399.18(151.75-1050.06) 0.99 <1.00E-15 811.99(256.2-2573.46) 1.00 <1.00E-15 85.16(
SELP 5 33.25(13.63-81.08) 0.97 2.62E-10 9.38(3.86-22.79) 0.89 1.55E-02 10.63(
STARDO 5 8.17(3.63-18.36) 088 | 7.55E-03 13.37(5.93-30.16) 093 | 8.19E-06 20.49(
WDR49 5 18.03(7.42-43.82) 0.94 3.49E-06 15.26(6.27-37.17) 0.93 3.90E-05 10.63(
ZXDA 5 21.72(10.72-44.02) 0.95 <1.00E-15 23.18(11.4-47.13) 0.96 0.00E+00 27.52(
ALPK2 4 24.25(8.97-65.55) 096 | 6.59E-06 18.24(6.74-49.41) 095 | 2.03E-04 22707
APOBR 4 46.4(17.07-126.1) 0.98 1.07E-09 36.07(13.22-98.43) 0.97 5.10E-08 13.61(
ATG2A 4 32.98(14.57-74.68) 0.97 <1.00E-15 95.55(41.12-221.98) 0.99 <1.00E-15 103.09
CACNA2D4 4 25.01(9.25-67.62) 0.96 4.48E-06 116.58(41.32-328.9) 0.99 <1.00E-15 34.05(
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CC2D2A 4 76.75(28.04-210.11) 099 | <L.0OE-15 62.27(22.57-171.81) 098 [ 3.A1E-11 68.12(
CFH 4 23.07(10.21-52.14) 096 | 8.97E-10 25.84(11.39-58.65) 096 | 1.47E-10 15.25(
COL6A2 4 42.91(15.8-116.51) 098 | 3.28E-09 59.81(21.7-164.85) 098 | 5.33E-11 68.12(
CTDP1 4 85.83(31.28-235.48) 099 | <L.0OE-15 89.14(31.95-248.69) 099 | <1.00E-15 34.05(
DIDOL 4 56.61(20.78-154.22) 098 | 5.77E-11 39.52(14.46-108.01) 097 | 152E-08 34.05(
DMXLL 4 32.05(11.83-86.79) 097 | 181E-07 26.89(9.89-73.09) 096 | 2.21E-06 22.1(7
FBXL18 4 14.2(5.83-34.54) 093 | 9.97E-05 13.97(5.73-34.07) 093 | 1.34E-04 9.76(3
GOLGB1 4 41.14(15.16-111.66) 098 | 5.94E-09 46.86(17.1-128.46) 098 | 1.51E-09 34.05(
GSE1L 4 26.95(9.96-72.91) 096 | 1.74E-06 30.3(11.13-82.47) 097 | 491E-07 68.12(
HABP2 4 27.7(10.24-74.95) 096 | 1.22E-06 75.77(27.31-210.22) 099 | <1.00E-15 34.05(
JMIDIC 4 43.85(16.14-119.1) 098 | 2.41E-09 28.05(10.31-76.29) 096 | 1.30E-06 22.1(7
LEXM 4 40.51(14.93-109.94) 098 | 7.36E-09 113.66(40.34-320.3) 099 | 0.00E+00 68.12(
MGA 4 20.95(8.6-51.05) 095 | 4.33E-07 49.62(20.08-122.64) 098 | 0.00E+00 42.75(
MYLK 4 18.29(6.78-49.38) 095 | 1.93E-04 17.14(6.33-46.4) 094 | 448E-04 17.02(
MYO3B 4 13.33(5.48-32.42) 092 | 2.27E-04 96.74(38.47-243.28) 099 | 0.00E+00 12.65(
NBEALL 4 12.56(4.66-33.84) 092 | 1.14E-02 13.72(5.08-37.09) 093 | 489E-03 22.1(7
NEK1L 4 25.99(9.61-70.28) 096 | 2.76E-06 20.56(7.58-55.73) 095 | 5.65E-05 22.1(7
NOD2 4 9.47(4.2-21.35) 089 | 1.17E-03 18.93(8.36-42.86) 095 | 3.50E-08 34.35(
NUP214 4 72.09(29.26-177.6) 099 | 0.00E+00 83.93(33.53-210.09) 099 | 0.00E+00 14.86(
PCDHAS 4 35.72(15.77-80.91) 097 | 0.00E+00 32.59(14.32-74.13) 097 | 0.00E+00 34.35(
PIK3C2B 4 12.39(5.83-26.34) 092 | 1.25E-06 13.94(6.54-29.72) 093 | 1.75E-07 10.25(
PLXND1 4 8.19(3.64-18.46) 0.88 | 7.77E-03 73.96(32.07-170.61) 099 | 0.00E+00 15.25(
POM121C 4 12.74(4.72-34.33) 092 | 9.86E-03 13.56(5.02-36.64) 093 | 554E-03 13.61(
PXDN 4 145.54(62.91-336.71) 099 | 0.00E+00 16.16(7.15-36.57) 094 | 4.72E-07 11.43(
RHD 4 21.49(8.82-52.37) 095 | 2.97E-07 35(14.24-86.04) 097 | 1.87E-10 42.75(
RINL 4 35(12.91-94.86) 097 | 553E-08 32.01(11.75-87.19) 097 | 2.43E-07 13.61(
SBF1 4 295.68(102.64-851.81) 099 | <L.0OE-15 23.42(8.63-63.57) 096 | 1.20E-05 17.02(
SFIL 4 532.24(175.3-1615.93) 099 | <L.OOE-15 57.54(20.9-158.44) 098 | 8.88E-11 17.02(
SRCAP 4 266.11(93-761.47) 099 | <L.0OE-15 85.78(30.79-238.97) 099 | <1.00E-15 68.12(
TAOK2 4 27.05(10-73.16) 096 | 1.66E-06 11.7(4.33-31.61) 091 | 2.44E-02 17.02(
TGM4 4 48.17(19.65-118.06) 098 | <L.OOE-15 172.98(66.93-447.08) 099 | <L.00E-15 9.76(3
TMEM131 4 614.13(198.75-1897.64) 099 | <LOOE-15 47.35(17.27-129.82) 098 | 1.31E-09 34.05(
TPO 4 52.5(23.1-119.32) 098 | <L.OOE-15 48.43(21.18-110.77) 098 | <LOOE-15 11.43(
WNK1L 4 21.1(7.81-57.01) 095 | 3.60E-05 68.88(24.9-190.56) 099 | 8.88E-12 34.05(
ZNF850 4 26.95(9.96-72.91) 096 | 1.74E-06 156.78(54.68-449.58) 099 | <1.00E-15 17.02(
AADACL4 3 460.59(130.08-1630.81) 099 | <L.OOE-15 682.07(161.73-2876.54) 099 | <1.00E-15 51.09(
ALDH3B2 3 64.37(20.19-205.22) 098 | 3.84E-08 50.88(15.85-163.35) 098 | 8.03E-07 25.54(
ANK1L 3 30.85(9.77-97.44) 097 | 1.02E-04 27.05(8.52-85.84) 096 | 4.36E-04 25.54(
ARIDIA 3 19.11(6.07-60.17) 095 | 9.20E-03 19.93(6.3-63.01) 095 | 7.02E-03 25.54(
ATP8B4 3 53.45(16.81-169.88) 098 | 3.09E-07 42.61(13.33-136.25) 098 | 5.00E-06 25.54(
BPIFC 3 49.06(15.45-155.76) 098 | 7.93E-07 55.89(17.37-179.86) 098 | 3.01E-07 51.09(
BSCL2 3 997.96(247.57-4022.8) 099 | <LOOE-15 16.95(5.37-53.52) 094 | 2.81E-02 25.54(
CCDC40 3 30.39(12.4-74.43) 097 | 1.62E-09 24.76(10.08-60.82) 096 | 5.15E-08 12.74(
CP 3 25.04(7.94-78.95) 096 | 7.78E-04 179.48(52.62-612.12) 099 | 444E-12 25.54(
DVLL 3 127.38(39.27-413.21) 099 | 1.33E-11 113.66(34.36-375.97) 099 | 1.78E-10 51.09(
EHHADH 3 171.07(52.11-561.52) 099 | <LOOE-15 227.34(65.22-792.44) 099 | <1.00E-15 25.54(
F3 3 22.47(8.29-60.89) 096 | 1.88E-05 34.11(12.48-93.26) 097 | 1.21E-07 14.41(
FHOD1 3 26.25(8.32-82.79) 096 | 4.97E-04 179.48(52.62-612.12) 099 | 444E-12 51.09(
FILIPIL 3 36.49(11.54-115 45) 097 | 1.85E-05 31.86(10.02-101.32) 097 | 9.10E-05 51.09(
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GANAB 3 32.88(10.4-103.92) 097 | 5.38E-05 29.13(9.17-92.54) 097 | 2.16E-04 51.09(
GIGYF2 3 93.36(33.88-257.29) 099 | <LOOE-15 71.44(25.73-198.39) 099 | 444E-12 68.52(
GRB7 3 26.93(9.93-73.04) 096 | 1.99E-06 24.44(8.97-66.54) 096 | 8.04E-06 22.82(
GRIK4 3 108.85(33.73-351.32) 099 | 844E-11 426.29(112.14-1620.48) 099 | <1.00E-15 51.09(
HLA-DQB1 3 5.72(3.31-9.88) 0.83 | 8.23E-06 7.11(4.11-12.29) 0.86 | 4.52E-08 5.14(2
KIAAO319L 3 86.76(27.05-278.33) 099 | 1.23E-09 64.33(19.91-207.86) 098 | 6.86E-08 51.09(
MKL1 3 44.01(13.88-139.52) 098 | 2.57E-06 131.15(39.33-437.4) 099 | 4.00E-11 25.54(
NPIPBS 3 105.03(32.58-338.63) 099 | 1.33E-10 87.43(26.76-285.63) 099 | 2.69E-09 51.09(
OR5P3 3 16.04(5.93-43.39) 094 | 9.29E-04 175.9(60.74-509.43) 099 | <LOOE-15 22.82(
PIGN 3 146.03(44.79-476.1) 099 | 444E-12 103.33(31.39-340.12) 099 | 4.71E-10 51.09(
PRRC2C 3 176.1(53.57-578.82) 099 | <L.OOE-15 262.32(74.09-928.81) 099 | <1.00E-15 51.09(
PTPRS 3 16.95(5.39-53.32) 094 | 2.61E-02 18.22(5.77-57.57) 095 | 152E-02 51.09(
RAB44 3 29.19(9.25-92.16) 097 | 1.76E-04 25.82(8.14-81.88) 096 | 6.74E-04 25.54(
RGPD4 3 15.94(7.04-36.1) 094 | 6.31E-07 16.61(7.32-37.72) 094 | 3.70E-07 51.98(
RNF207 3 74.83(23.4-239.27) 099 | 6.85E-09 58.78(18.24-189.43) 098 | 1.77E-07 25.54(
SECI6A 3 21.84(6.93-68.8) 095 | 2.78E-03 23.5(7.42-74.45) 096 | 1.60E-03 25.54(
SLC2AT 3 213.84(64.4-710.02) 099 | <LOOE-15 136.4(40.8-456.01) 099 | 2.66E-11 25.54(
SNAI3 3 18.13(5.76-57.06) 094 | 1.46E-02 16.95(5.37-53.52) 094 | 281E-02 25.54(
TAX1BP1 3 157.56(48.18-515.3) 099 | <L.OOE-15 33.75(10.6-107.45) 097 | 5.17E-05 25.54(
TMEMI02 3 54.24(19.86-148.1) 098 | 1.33E-10 58.62(21.22-161.91) 098 | 7.99E-11 34.25(
TOP3B 3 176.1(53.57-578.82) 099 | <L.OOE-15 106.56(32.32-351.29) 099 | 3.42E-10 25.54(
TPSABL 3 176.1(53.57-578.82) 099 | <L.OOE-15 113.66(34.36-375.97) 099 | 1.78E-10 25.54(
VNIR2 3 11.37(4.21-30.72) 091 | 3.30E-02 28.04(10.28-76.47) 096 | 1.48E-06 17.11(
XKR9 3 73.01(22.84-233.31) 099 | 9.10E-09 37.05(11.62-118.15) 097 | 2.05E-05 25.54(
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OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are



Table S20: Hypothesis-free data driven approach. Genes showing enrichment of synonymous variants in Spanish pa
almost extreme phenotype (MD-AEP). Listed genes were significant when they were compared against gnomAD Nor

dataset
Gene #variants | 9NOMAD.v2 EE Corrected | gnomAD.v3 EF Corrected | CSVS
OR(CI) P OR(CI) p OR(CI)
PIEZO1 14 7.11(4.56-11.09) 0.86 <1.00E-15 6.97(4.47-10.88) 0.86 <1.00E-15 6.61(4.1°
ABCC12 11 53.87(31.5-92.13) 0.98 <1.00E-15 43.43(25.32-74.49) 0.98 <1.00E-15 11.53(6.f
ABCA2 9 4.55(2.57-8.08) 0.78 4.33E-03 4.43(2.5-7.86) 0.77 7.28E-03 4.35(2.4:
PCDHA9 8 13.60(7.7-24.34) 003 | <LOOE-15 | 4.2(2.36-7.45) 0.76 1.97E02 | 6.68(36
ARHGEF10L 7 22.09(10.93-44.65) 0.95 <1.00E-15 20.47(10.1-41.47) 0.95 <1.00E-15 7.36(3.5:
BRD9 6 22(9.77-49.52) 0.95 1.67E-09 22.06(9.76-49.82) 0.95 1.99E-09 10.2(4.3-
GREB1 6 9.03(4.27-19.12) 0.89 1.77E-04 8.77(4.14-18.59) 0.89 2.94E-04 13.65(6.
TRRAP 6 11.76(5.23-26.42) 0.91 4.82E-05 12.32(5.47-27.73) 0.92 2.64E-05 34.05(12
BCLIOL 5 10.95(4.51-26.57) 0.91 2.43E-03 9.97(4.1-24.23) 0.90 7.71E-03 12.15(4.¢
KMT2B 5 34.71(15.36-78.46) 0.97 <1.00E-15 33.86(14.91-76.91) 0.97 <1.00E-15 20.49(8.
PCDHA10 5 8.59(3.54-20.83) 0.88 3.95E-02 8.82(3.63-21.43) 0.89 3.05E-02 17.02(6.!
TPR 5 44.33(19.58-100.37) 0.98 <1.00E-15 44.14(19.37-100.6) 0.98 <1.00E-15 25.62(9.¢
ANK?2 4 133.05(47.96-369.12) 0.99 <1.00E-15 108.25(38.5-304.37) 0.99 <1.00E-15 17.02(5.¢
ARHGAP12 4 14.34(6.36-32.35) 0.93 2.80E-06 14.71(6.51-33.25) 0.93 2.11E-06 8.06(3.4
CACNALG 4 26.07(9.64-70.51) 0.96 2.65E-06 25.53(9.4-69.35) 0.96 4.20E-06 13.61(4.¢
CELSR2 4 285.12(99.21-819.41) 1.00 <1.00E-15 267.47(89.31-801.05) 1.00 <1.00E-15 34.05(10
FRY 4 11.67(4.33-31.46) 0.91 2.37E-02 11.29(4.18-30.5) 0.91 3.45E-02 13.61(4.¢
HTR6 4 6.31(3.11-12.78) 0.84 6.40E-03 5.72(2.82-11.6) 0.83 2.65E-02 7.08(3.3¢
LTK 4 14.32(5.31-38.61) 0.93 2.91E-03 349.77(113.19-1080.79) 1.00 <1.00E-15 34.05(10
MED16 4 28.54(11.69-69.65) 096 | 3.65E:09 | 27.96(11.41-68.55) 0.96 6.65E09 | 21.37(7.
MYO9B 4 147.83(53.1-411.57) 0.99 <1.00E-15 168.4(58.45-485.13) 0.99 <1.00E-15 68.12(16
PACS2 4 63.35(23.21-172.86) 0.98 8.88E-12 44.13(16.12-120.83) 0.98 3.43E-09 22.7(7.2¢
PCDHB7 4 319.34(110.26-924.91) 009 | <LOOE-15 | 239.31(80.78-708.95) 0.99 <LOOE-15 | 22.7(7.2¢
PDzD2 4 9.05(3.72-21.99) 0.89 2.33E-02 9.05(3.72-22.04) 0.89 2.42E-02 11.02(4.
PIP5K1C 4 130.87(47.19-362.89) 0.99 <1.00E-15 137.78(48.42-392.07) 0.99 <1.00E-15 17.02(5.¢
POLR3A 4 86.76(31.62-238.09) 0.99 <1.00E-15 64.94(23.51-179.37) 0.98 1.78E-11 17.02(5.¢
PPPGRL 4 48.37(17.79-131.52) 098 | 591E-10 | 66.85(24.19-184.79) 0.99 888E-12 | 68.12(16
PREPL 4 48.3(21.27-109.68) 0.98 <1.00E-15 53.32(23.27-122.14) 0.98 <1.00E-15 10.55(4.4
REV3L 4 70.64(25.84-193.09) 0.99 <1.00E-15 101.03(36.04-283.24) 0.99 <1.00E-15 17.02(5.¢
RGS3 4 30.34(11.21-82.14) 097 | 3.74E07 | 24.17(8.9-65.62) 0.96 821E-06 | 13.61(A.
SHANK3 4 8.79(3.62-21.37) 0.89 3.20E-02 8.52(3.5-20.75) 0.88 4.66E-02 14.24(5.:
TRPM5 4 25.9(9.58-70.05) 096 | 2.88E-06 | 22.61(8.33-61.34) 0.96 184E-05 | 13.61(4.
TSC2 4 34.69(12.8-94.03) 0.97 6.23E-08 49.41(18.01-135.58) 0.98 7.33E-10 13.61(4.¢
WNK2 4 109.35(39.64-301.69) 099 | <LOOE-15 | 68.88(24.9-190.56) 0.99 88BE-12 | 13.61(A.
ZFYVEL9 4 12.75(5.24-31.01) 092 | 399E-04 | 12.92(53-3L5) 0.92 362E04 | 14.24(5.
AKAP9 3 99.78(30.99-321.24) 0.99 2.40E-10 136.4(40.8-456.01) 0.99 2.66E-11 25.54(6.
CAPN15 3 65.07(20.41-207.49) 0.98 3.40E-08 64.33(19.91-207.86) 0.98 6.86E-08 25.54(6.
<1.00E- <1.00E-15
CDC23 3 193.14(58.49-637.76) 0.99 <1.00E-15 682.07(161.73-2876.54) 15 25.54(6.
COL28A1 3 18.52(5.88-58.3) 0.95 1.21E-02 21.3(6.73-67.39) 0.95 3.90E-03 51.09(11
CPSF1 3 125.46(45.18-348.37) 0.99 <1.00E-15 106.35(37.76-299.54) 0.99 <1.00E-15 22.82(7.
CTU2 3 80.11(32.36-198.31) 009 | <LOOE-15 | 80.97(32.29-203.05) 0.99 <L00E-15 | 2L1.52(7.
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DGCR2 3 22.41(7.11-70.62) 0.96 2.19E-03 | 21.03(6.65-66.55) 0.95 436E-03 | 51.09(11
EHD2 3 213.84(64.4-710.02) 0.99 <1.00E-15_ | 179.48(52.62-612.12) 0.99 444E-12 | 2554(6.
EPN1 3 19.88(6.31-62.59) 0.95 6.51E-03 18.03(5.71-56.95) 0.94 167E-02 | 25.54(6.
FARP1 3 105.03(32.58-338.63) 0.99 1.33E-10 106.56(32.32-351.29) 0.99 342E-10 | 25.54(6.
FBRSL1 3 16.81(6.21-45.5) 0.94 551E-04 | 18.57(6.84-50.44) 0.95 201E-04 | 22.82(7.
FGFR4 3 161.82(49.42-529.84) 0.99 <1.00E-15 | 126.29(37.96-420.24) 0.99 6.22E-11 | 25.54(6.
FIGNL2 3 25.34(10.36-62.01) 0.96 2.88E-08 | 25.31(10.3-62.17) 0.96 3.70E-08 | 28.7(10-
GLIS3 3 37.64(11.89-119.12) 0.97 134E-05 | 35.14(11.03-111.95) 0.97 347E-05 | 51.09(11
GRM6 3 27.7(8.78-87.43) 0.96 2.94E-04 | 21.99(6.95-69.59) 0.95 2.94E-03 | 51.09(11
JPH3 3 75.03(27.34-205.88) 0.99 <1.00E-15 | 61.79(22.34-170.89) 0.98 400E-11 | 68.52(16
LRRC3 3 166.31(50.73-545.22) 0.99 <1.00E-15 | 65.57(20.28-211.98) 0.98 561E-08 | 25.54(6.
MIDN 3 8.89(3.93-20.12) 0.89 3.06E-03 | 9.45(4.17-21.4) 0.89 1.45E-03 | 8.82(3.7;
MYHL 3 127.38(39.27-413.21) 0.99 1.33E-11 162.38(47.99-549.47) 0.99 444E-12 | 51.09(11
NADSYN1 3 74.83(23.4-239.27) 0.99 6.85E-09 | 43.71(13.66-139.82) 0.98 3.86E-06 | 51.09(11
NTRK3 3 65.07(20.41-207.49) 0.98 3.40E-08 113.66(34.36-375.97) 0.99 1.78E-10 | 51.09(11
PARP4 3 130.15(40.09-422.52) 0.99 8.88E-12 106.56(32.32-351.29) 0.99 342E-10 | 51.09(11
PLXNA3 3 126.19(50.49-315.4) 0.99 <1.00E-15 | 112.74(44.45-285.97) 0.99 <1.00E-15 | 86.15(22
PRUNEZ2 3 19.24(6.11-60.56) 0.95 8.70E-03 19.14(6.06-60.51) 0.95 9.96E-03 | 51.09(11
PTPRQ 3 11.2(4.59-27.33) 0.91 2.19E-03 11.2(4.58-27.38) 0.91 2.32E-03 12.28(4.
ROCK1 3 171.07(52.11-561.52) 0.99 <1.00E-15_ | 227.34(65.22-792.44) 0.99 <1.00E-15 | 25.54(6.
SLC2A9 3 12.51(4.63-33.81) 0.92 1.28E-02 13.51(4.98-36.62) 0.93 6.21E-03 17.11(5.
SNRNP200 3 130.15(40.09-422.52) 0.99 8.88E-12 106.56(32.32-351.29) 0.99 342E-10 | 25.54(6.
SNTG2 3 115.13(35.61-372.23) 0.99 444E-11 126.29(37.96-420.24) 0.99 6.22E-11 | 25.54(6.
TCFL5 3 598.77(163.36-2194.68) | 0.99 <1.00E-15 | 341.02(93.04-1249.96) 0.99 <1.00E-15 | 51.09(11
TET3 3 4751(14.97-150.75) 0.98 113E-06 | 56.82(17.65-182.94) 0.98 253E-07 | 51.09(11
TEX15 3 47.89(15.09-151.97) 0.98 1.03E-06 | 37.46(11.74-119.47) 0.97 1.84E-05 | 25.54(6.
TMEM270 3 113.09(40.84-313.11) 0.99 <1.00E-15 | 207.88(70.88-609.67) 0.99 <1.00E-15 | 34.25(10
UNG 3 54.24(19.86-148.1) 0.98 133E-10 | 47.13(17.14-129.56) 0.98 163E-09 | 22.82(7
VCPIP1 3 88.04(27.43-282.52) 0.99 1.04E-09 126.29(37.96-420.24) 0.99 6.22E-11 | 51.09(11
ZCCHCI1 3 997.96(247.57-4022.8) 0.99 <1.00E-15_ | 682.07(161.73-2876.54) 0.99 <1.00E-15 | 51.09(11
ZRANBL 3 239.5(71.64-800.69) 0.99 <1.00E-15 | 243.58(69.37-855.27) 0.99 <1.00E-15 | 51.09(11
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OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are



Table S21: Hypothesis-free data driven approach. The filter was applied to exclude hearing loss genes previously assoc
.Genes showing enrichment of missense variants in Spanish patients with Meniere disease and tinnitus almost extreme
significant when they were compared against gnomAD Non-Finnish European and CSVS reference dataset

Gene #variants | 9NOMAD.v2 EF Correctedp | 9NOMAD.v3 EF Correctedp | CSVS
OR(CI) OR(CI) OR(C
ZNF729 13 7.26(4.83-10.92) 0.86 <1.00E-15 3.3(2.2-4.96) 0.70 1.84E-04 8.61(5
ATM 8 9.66(5.3-17.59) 090 | 243E-09 10.51(5.76-19.16) 090 | 3.33E-10 5.07(2
CCDC168 8 12.24(6.07-24.67) 0.92 5.07E-08 12.53(6.2-25.3) 0.92 3.58E-08 11.58(
NWDL1 8 8.06(4.16-15.61) 088 | L.23E-05 7.84(4.04-15.19) 087 | 2.18E-05 9.89(4
TOPAZL 8 5.73(2.96-11.1) 083 | 442E-03 5.19(2.68-10.05) 081 | 2.11E02 52302
ATG2B 7 9.73(4.6-20.58) 0.90 5.24E-05 15.4(7.26-32.68) 0.94 2.08E-08 29.79(
CNTRL 7 12.54(5.92-26.53) 0.92 7.60E-07 11.9(5.61-25.21) 0.92 2.08E-06 13.23(
EYS 7 11.86(5.88-23.94) 0.92 9.92E-08 36.16(17.77-73.6) 0.97 <1.00E-15 22.75(
IGFN1 7 7.71(4.23-14.05) 0.87 5.17E-07 8.64(4.73-15.76) 0.88 4.22E-08 4.62(2
MUC6 7 355.09(206.91-609.41) 0.99 <1.00E-15 7.63(4.62-12.59) 0.87 4.00E-11 4.92(2
ARHGAP23 6 12.95(6.11-27.44) 0.92 4 55E-07 6.26(2.96-13.27) 0.84 3.30E-02 10.16(
DSCAML1 6 11.78(5.24-26.47) 0.92 4.69E-05 11.7(5.2-26.34) 0.91 5.60E-05 8.87(3
FBN1 6 73.01(32.1-166.01) 0.99 <1.00E-15 70.3(30.61-161.44) 0.99 <1.00E-15 51.09(
MGAM 6 9.01(4.01-20.24) 0.89 1.99E-03 31.13(13.74-70.53) 0.97 4.44E-12 8(3.41
NCKAP5 6 30.77(13.64-69.39) 0.97 4.44E-12 41.57(18.28-94.54) 0.98 <1.00E-15 34.05(
NCOR2 6 6.9(3.42-13.92) 0.86 1.41E-03 7.6(3.76-15.36) 0.87 3.18E-04 10.13(
POM121L2 6 3.32(2.19-5.02) 0.70 2.99E-04 3.52(2.33-5.34) 0.72 5.59E-05 3.31(2
POTEE 6 33.53(14.86-75.65) 0.97 <1.00E-15 19.87(8.8-44.84) 0.95 1.23E-08 17.02(
SDK1 6 9.27(4.59-18.71) 0.89 1.06E-05 11.08(5.48-22.41) 0.91 4.40E-07 9.43(4
TAS2R30 6 5946.11(2497.31-14157.73) | 0.99 <1.00E-15 19.93(12.64-31.41) 0.95 <1.00E-15 36.37(
TLR5 6 6.46(3.63-11.49) 0.85 4.66E-06 8.89(4.99-15.85) 0.89 2.51E-09 7.6(4.1
ATP5J2-PTCD1;
PTCD1 5 32.92(13.5-80.27) 097 | 3.11E-10 23.28(9.53-56.86) 096 | 9.84E-08 12.15(
AXIN1 5 8.3(3.69-18.67) 0.88 6.12E-03 37.8(16.62-85.95) 0.97 <1.00E-15 20.49(
CEP350 5 32.49(13.33-79.22) 097 | 386E-10 48.15(19.53-118.72) 098 | <LOOE-15 17.02(
CFTR 5 36.41(14.92-88.84) 0.97 5.77E-11 111.43(44.15-281.25) 0.99 <1.00E-15 14.8(5
CROCC2 5 9.61(4.27-21.61) 0.90 8.91E-04 8.78(3.9-19.76) 0.89 3.12E-03 8.02(3
ITGAX 5 65.65(28.87-149.28) 098 | <LOOE-15 21.5(9.51-48.63) 095 | 3.42E-09 105(4
MCF2L 5 19.67(8.09-47.82) 0.95 9.96E-07 28.98(11.84-70.95) 0.97 3.38E-09 42.57(
MPHOSPH9 5 10.75(4.78-24.18) 091 | L88E-04 10.48(8.62-44.02) 095 | L89E-08 8713
PCDHA12 5 12.88(5.3-31.26) 0.92 3.27E-04 10.06(4.14-24.45) 0.90 6.96E-03 21.28(
PCDHAC1 5 9.41(3.88-22.82) 0.89 1.43E-02 13.29(5.46-32.35) 0.92 2.36E-04 28.37(
PCDHB4 5 12.5(5.15-30.36) 092 | 4.75E-04 14.37(5.9-34.99) 093 | 8.62E05 28.37(
SEC16B 5 399.18(151.75-1050.06) 0.99 <1.00E-15 811.99(256.2-2573.46) 1.00 <1.00E-15 85.16(
SELP 5 33.25(13.63-81.08) 0.97 2.62E-10 9.38(3.86-22.79) 0.89 1.55E-02 10.63(
WDR49 5 18.03(7.42-43.82) 0.94 3.49E-06 15.26(6.27-37.17) 0.93 3.90E-05 10.63(
ZXDA 5 21.72(10.72-44.02) 095 | <LOOE-15 23.18(11.4-47.13) 096 | 0.00E+00 27.52(
ALPK2 4 24.25(8.97-65.55) 0.96 6.59E-06 18.24(6.74-49.41) 0.95 2.23E-04 22.7(7
APOBR 4 46.4(17.07-126.1) 0.98 1.07E-09 36.07(13.22-98.43) 0.97 5.10E-08 13.61(
ATG2A 4 32.98(14.57-74.68) 0.97 <1.00E-15 95.55(41.12-221.98) 0.99 <1.00E-15 103.09
CACNA2D4 4 25.01(9.25-67.62) 0.96 4.48E-06 116.58(41.32-328.9) 0.99 <1.00E-15 34.05(
CC2D2A ) 76.75(28.04-210.11) 099 | <LOOE-15 62.27(22.57-171.81) 008 | 3.11E-11 68.12(
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COL6A2 4 42.91(15.8-116.51) 098 | 3.28E-09 59.81(21.7-164.85) 098 | 5.33E-11 68.12(
CTDP1 4 85.83(31.28-235.48) 099 | <LOOE-15 89.14(31.95-248.69) 099 | <LOOE-15 34.05(
DIDO1 4 56.61(20.78-154.22) 098 | 5.77E-11 39.52(14.46-108.01) 097 | L52E-08 34.05(
DMXLL 4 32.05(11.83-86.79) 097 | 181E-07 26.89(9.89-73.09) 096 | 2.21E-06 22.7(7
FBXL18 4 14.2(5.83-34.54) 093 | 9.97E-05 13.97(5.73-34.07) 093 | 1.34E-04 9.76(3
GOLGB1 4 41.14(15.16-111.66) 098 | 5.94E-09 46.86(17.1-128.46) 098 | 151E-09 34.05(
GSE1L 4 26.95(9.96-72.91) 096 | 1.74E-06 30.3(11.13-82.47) 097 | 491E-07 68.12(
HABP2 4 27.7(10.24-74.95) 096 | 1.22E-06 75.77(27.31-210.22) 099 | <L.0OE-15 34.05(
JMIDIC 4 43.85(16.14-119.1) 098 | 2.41E-09 28.05(10.31-76.29) 096 | 1.30E-06 22.1(7
LEXM 4 40.51(14.93-109.94) 098 | 7.36E-09 113.66(40.34-320.3) 099 | 0.00E+00 68.12(
MGA 4 20.95(8.6-51.05) 095 | 4.33E-07 49.62(20.08-122.64) 098 | 0.00E+00 42.75(
MYLK 4 18.29(6.78-49.38) 095 | 1.93E-04 17.14(6.33-46.4) 094 | 448E-04 17.02(
MYO3B 4 13.33(5.48-32.42) 092 | 2.27E-04 96.74(38.47-243.28) 099 | 0.00E+00 12.65(
NEK1 4 25.99(9.61-70.28) 096 | 2.76E-06 20.56(7.58-55.73) 095 | 5.65E-05 22.1(7
NOD2 4 9.47(4.2-21.35) 089 | 1.17E-03 18.93(8.36-42.86) 095 | 3.50E-08 34.35(
NUP214 4 72.09(29.26-177.6) 099 | 0.00E+00 83.93(33.53-210.09) 099 | 0.00E+00 14.86(
PCDHA5 4 35.72(15.77-80.91) 097 | 0.00E+00 32.59(14.32-74.13) 097 | 0.00E+00 34.35(
PIK3C2B 4 12.39(5.83-26.34) 092 | 1.25E-06 13.94(6.54-29.72) 093 | 1.75E-07 10.25(
PLXND1 4 8.19(3.64-18.46) 0.88 | 7.77E-03 73.96(32.07-170.61) 099 | 0.00E+00 15.25(
POM121C 4 12.74(4.72-34.33) 092 | 9.86E-03 13.56(5.02-36.64) 093 | 554E-03 13.61(
PXDN 4 14554(62.91-336.71) 099 | 0.00E+00 16.16(7.15-36.57) 094 | 472E-07 11.43(
RHD 4 21.49(8.82-52.37) 095 | 2.97E-07 35(14.24-86.04) 097 | 1.87E-10 42.75(
RINL 4 35(12.91-94.86) 097 | 553E-08 32.01(11.75-87.19) 097 | 2.43E-07 13.61(
SBF1 4 295.68(102.64-851.81) 099 | <LOOE-15 23.42(8.63-63.57) 096 | 1.20E-05 17.02(
SFIL 4 532.24(175.3-1615.93) 099 | <L.OOE-15 57.54(20.9-158.44) 098 | 8.88E-11 17.02(
SRCAP 4 266.11(93-761.47) 099 | <LOOE-15 85.78(30.79-238.97) 099 | <LOOE-15 68.12(
TAOK2 4 27.05(10-73.16) 096 | 1.66E-06 11.7(4.33-31.61) 091 | 2.44E-02 17.02(
TGM4 4 48.17(19.65-118.06) 098 | <LOOE-15 172.98(66.93-447.08) 099 | <LOOE-15 9.76(3
TMEM131 4 614.13(198.75-1897.64) 099 | <L.0OE-15 47.35(17.27-129.82) 098 | 1.31E-09 34.05(
TPO 4 52.5(23.1-119.32) 098 | <LOOE-15 48.43(21.18-110.77) 098 | <LOOE-15 11.43(
WNK1L 4 21.1(7.81-57.01) 095 | 3.60E-05 68.88(24.9-190.56) 099 | 8.88E-12 34.05(
ZNF850 4 26.95(9.96-72.91) 096 | 1.74E-06 156.78(54.68-449.58) 099 | <1.00E-15 17.02(
AADACL4 3 460.59(130.08-1630.81) 099 | <L.OOE-15 682.07(161.73-2876.54) 099 | <LOOE-15 51.09(
ALDH3B2 3 64.37(20.19-205.22) 098 | 3.84E-08 50.88(15.85-163.35) 098 | 8.03E-07 25.54(
ANK1L 3 30.85(9.77-97.44) 097 | 1.02E-04 27.05(8.52-85.84) 096 | 4.36E-04 25.54(
ARIDIA 3 19.11(6.07-60.17) 095 | 9.20E-03 19.93(6.3-63.01) 095 | 7.02E-03 25.54(
ATP8B4 3 53.45(16.81-169.88) 098 | 3.09E-07 42.61(13.33-136.25) 098 | 5.00E-06 25.54(
BPIFC 3 49.06(15.45-155.76) 098 | 7.93E-07 55.89(17.37-179.86) 098 | 3.01E-07 51.09(
BSCL2 3 997.96(247.57-4022.8) 099 | <LOOE-15 16.95(5.37-53.52) 094 | 2.81E-02 25.54(
CP 3 25.04(7.94-78.95) 096 | 7.78E-04 179.48(52.62-612.12) 099 | 444E-12 25.54(
DVLL 3 127.38(39.27-413.21) 099 | 1.33E-11 113.66(34.36-375.97) 099 | 1.78E-10 51.09(
EHHADH 3 171.07(52.11-561.52) 099 | <L.OOE-15 227.34(65.22-792.44) 099 | <LOOE-15 25.54(
F3 3 22.47(8.29-60.89) 096 | 1.88E-05 34.11(12.48-93.26) 097 | L21E-07 14.41(
FHOD1 3 26.25(8.32-82.79) 096 | 4.97E-04 179.48(52.62-612.12) 099 | 4.44E-12 51.09(
FILIPIL 3 36.49(11.54-115 45) 097 | 185E-05 31.86(10.02-101.32) 097 | 9.10E-05 51.09(
GANAB 3 32.88(10.4-103.92) 097 | 5.38E-05 29.13(9.17-92.54) 097 | 2.16E-04 51.09(
GIGYF2 3 93.36(33.88-257.29) 099 | <LOOE-15 71.44(25.73-198.39) 099 | 444E-12 68.52(
GRB7 3 26.93(9.93-73.04) 096 | 1.99E-06 24.44(8.97-66.54) 0.96 | 8.04E-06 22.82(
GRIK4 3 108.85(33.73-351.32) 099 | 844E-11 426.29(112.14-1620.48) 099 | <1.00E-15 51.09(

124



HLA-DQB1 3 5.72(3.31-9.88) 0.83 | 8.23E-06 7.11(4.11-12.29) 0.86 | 452E-08 5.14(2
KIAA0319L 3 86.76(27.05-278.33) 099 | 1.23E-09 64.33(19.91-207.86) 098 | 6.86E-08 51.09(
MKL1 3 44.01(13.88-139.52) 098 | 2.57E-06 131.15(39.33-437.4) 099 | 4.00E-11 25.54(
NPIPBS 3 105.03(32.58-338.63) 099 | 1.33E-10 87.43(26.76-285.63) 099 | 2.69E-09 51.09(
OR5P3 3 16.04(5.93-43.39) 094 | 9.29E-04 175.9(60.74-509.43) 099 | <LOOE-15 22.82(
PIGN 3 146.03(44.79-476.1) 099 | 444E-12 103.33(31.39-340.12) 099 | 471E-10 51.09(
PRRC2C 3 176.1(53.57-578.82) 099 | <L.OOE-15 262.32(74.09-928.81) 099 | <L.0OE-15 51.09(
PTPRS 3 16.95(5.39-53.32) 094 | 2.61E-02 18.22(5.77-57.57) 095 | 152E-02 51.09(
RAB44 3 29.19(9.25-92.16) 097 | 1.76E-04 25.82(8.14-81.88) 096 | 6.74E-04 25.54(
RGPD4 3 15.94(7.04-36.1) 094 | 6.31E-07 16.61(7.32-37.72) 094 | 3.70E-07 51.98(
RNF207 3 74.83(23.4-239.27) 099 | 6.85E-09 58.78(18.24-189.43) 098 | L.77E-07 25.54(
SECI6A 3 21.84(6.93-68.8) 095 | 2.78E-03 23.5(7.42-74.45) 096 | 1.60E-03 25.54(
SLC2AT 3 213.84(64.4-710.02) 099 | <L.OOE-15 136.4(40.8-456.01) 099 | 2.66E-11 25.54(
SNAI3 3 18.13(5.76-57.06) 094 | 146E-02 16.95(5.37-53.52) 094 | 2.81E-02 25.54(
TAX1BP1 3 157.56(48.18-515.3) 099 | <L.OOE-15 33.75(10.6-107.45) 097 | 5.17E-05 25.54(
TMEM102 3 54.24(19.86-148.1) 098 | 1.33E-10 58.62(21.22-161.91) 098 | 7.99E-11 34.25(
TOP3B 3 176.1(53.57-578.82) 099 | <LOOE-15 106.56(32.32-351.29) 099 | 3.42E-10 25.54(
TPSABL 3 176.1(53.57-578.82) 099 | <LOOE-15 113.66(34.36-375.97) 099 | 1.78E-10 25.54(
VNIR? 3 11.37(4.21-30.72) 091 | 3.30E-02 28.04(10.28-76.47) 096 | 1.48E-06 17.11(
XKR9 3 73.01(22.84-233.31) 099 | 9.10E-09 37.05(11.62-118.15) 097 | 2.05E-05 25.54(
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OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are



Figure S1: Sanger sequencing of rare variants in ANK2 gene in Spanish patients with Meniere
disease and tinnitus extreme phenotype (MD-EP)
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Figure S2: Sanger sequencing of rare variants in TSC2 gene in Spanish patients with Meniere
disease and tinnitus extreme phenotype (MD-EP)
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Abstract: Exome sequencing has been commonly used to characterize rare diseases by selecting multiplex
families or singletons with an extreme phenotype (EP) and searching for rare variants in coding regions. The
EP strategy covers both extreme ends of a disease spectrum and it has been also used to investigate the
contribution of rare variants to the heritability of complex clinical traits. We conducted a systematic review
to find evidence supporting the use of EP strategies in the search for rare variants in genetic studies of
complex diseases and highlight the contribution of rare variations to the genetic structure of polygenic
conditions. After assessing the quality of the retrieved records, we selected 19 genetic studies considering
EPs to demonstrate genetic association. All studies successfully identified several rare or de novo variants,
and many novel candidate genes were also identified by selecting an EP. There is enough evidence to
support that the EP approach for patients with an early onset of a disease can contribute to the identification
of rare variants in candidate genes or pathways involved in complex diseases. EP patients may contribute to
a better understanding of the underlying genetic architecture of common heterogeneous disorders such as
tinnitus or age-related hearing loss.

Keywords: Genetic epidemiology, genetic association studies, extreme phenotype, exome sequencing,
tinnitus

1. Introduction

A clinical phenotype is a set of observable signs, symptoms, and behavioral features associated with a
human disorder. The phenotype includes multiple features or traits and it may be categorical (male or female
sex) or quantitative (glucose levels or hearing thresholds). These observable variations in the phenotype of a
disorder is known in Mendelian genetics as expressivity and it may range from mild to severe [1,2]
Phenotypic variation in quantitative traits can be represented by a bell-shaped graph where mild and severe
phenotypes are located at the tails of the distribution. However, the majority of the subjects show an
intermediate phenotype (Figure 1).
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Figure 1. Phenotypic variation in quantitative traits. Individuals’ phenotypes can be classified as benign,
intermediate, or severe according to general and disease-specific criteria. Extreme phenotypes are identified at
the ends of the normal distribution (green, orange, and red areas).

The genetic architecture of human diseases allows a better understanding of the genetic variants that can
influence the phenotype in complex diseases [3]. Next-Generation Sequencing (NGS) technology has been
used to uncover missing heritability and elucidate the genetic contribution to common and rare diseases with
underlying heterogeneity. In particular, Whole-Exome Sequencing (WES) provides an opportunity to capture
rare and ultra-rare alleles of protein-coding genes, which highly influence disease risk. In the last few years,
several novel genes have been identified by utilizing WES for various neurological diseases, such as epileptic
encephalopathies (KCNQ2, STXBP1, and KCNB1) and Parkinson’s disease (VPS13C, ARSB, PTPRH,
GPATCH2L, and UHRF1BP1L) [4-6]

A significant increase in the prevalence of complex diseases such as bipolar disorder, coronary artery
disease [7], type 2 diabetes, hypertension, obesity, and cancer has been reported the last decades [8]. This
increase could be related to environmental factors such as diet or lifestyle changes. However, the genetic
contribution to complex conditions is still largely unknown, since the contribution of rare variations to
heritability is still undetermined. There are several factors that limit the power of gene discovery approaches,
such as phenotypic variance [9], the overlap of clinical features observed for similar conditions, minor allelic
frequency (MAF), the heterogeneous nature of loci, and the low effect size of potential risk alleles [10].

There is a well-established inverse relationship between the allelic frequency of a given variant and its effect
size on the phenotype (Figure 2). The underlying hypothesis is that extreme phenotypes (EP) will occur in extreme
cases with an excess of rare variants, with a moderate effect size on the phenotype in addition to the effect of the
common variants for the trait of interest. The EP strategy aims to identify rare genetic variants causing a large effect
on disease risk [11,12]. The EP study design includes the selection of individuals whose phenotypes are at the
extreme ends of a disease phenotype distribution. These extreme subjects may be characterized by early or late age
of onset, benign or severe forms of disease, family history, fast progression of symptoms, very high or very low
scores in psychometric tests, or extreme levels of a biomarker [13-15] This strategy may identify rare genetic
variants by sequencing a relatively small sample size and it can target novel candidate genes, since rare variants that
contribute to a particular trait are enriched at the two extremes of a disease distribution [10]. The combination of EP
with WES has successfully identified several rare variants and candidate genes for diabetic retinopathy [16], bipolar
disorder [17], and cystic fibrosis [18] across diverse ethnic groups.
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Figure 2. Distribution of genetic variants according to allelic frequency and effect size on the phenotype in
quantitative traits. Individuals with extreme phenotypes will show a burden of rare variations with a moderate
to large effect size (modified from Manolio et al., 2008 [19]).

The aim of this systematic review is to critically analyze the contribution of strategies based on EPs to
uncover rare or novel variants or candidate genes in genetic studies of complex disorders.

2. Materials and Methods

2.1. Study Design

This is a systematic review of genetic studies in complex diseases and it follows Preferred Reporting
Items for Systematic Reviews (PRISMA) guidelines (Table S1) [20] and recommendations from the Human
Genome Epidemiology Network (HUGENEet) review handbook (https://www.cdc.gov/genomics/hugenet/).

2.2. Search Strategies

Literature search for EP strategies was performed on 12 December 2019 using two bibliographic
databases (PubMed and Embase). For EP strategies the keywords “phenotypic extreme”, “extreme
phenotype”, “rare variant” and “genetics” were used to formulate the search string. The selected keywords
could appear in the title, abstract, text word, author keywords, or MeSH Terms of the articles. The keyword
string used for the literature search in PubMed was: ((((“phenotypic extreme”[Title/Abstract] OR “extreme
phenotype”)[Title/Abstract] AND (“rare variant”[Title/Abstract] OR “genetics”)[Title/Abstract])) OR
((“phenotypic extreme”[Text Word] OR “extreme phenotype”)[Text Word] AND (“rare variant”[Text Word]
OR “genetics”)[Text Word])) OR ((“phenotypic extreme” OR “extreme phenotype”) AND (“rare variant” OR
“genetics”) [MeSH Terms]); that for Embase was: (‘phenotypic extreme’: ti, ab, kw OR ‘extreme phenotype’:
ti, ab, kw) AND (‘rare variant’: ti, ab, kw OR ‘genetics’: ti, ab, kw) AND [2009-2019]/py AND [english]/lim.
Records published in the last 10 years, studies in English language, and only human studies were included in
the literature search by configuring filters if available, e.g., on PubMed.
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2.3. Research Question and Selection Criteria

The objective of this systematic review is to assess the evidence supporting the design of genetic studies
using extreme phenotype strategies to find rare or novel variants or genes involved in complex disorders.
According to this hypothesis, we formulated the following research question: “Are EP strategies useful to
establish the genetic contribution in complex diseases?”. To answer this question, we followed the
“Population, Intervention, Comparison, Outcome, Study design” (PICOS) strategy:

1. Population: Patients with a complex disease or condition.

2. Intervention: Selection of individuals according to extreme phenotype criteria (i.e., early onset, fast
progression of disease, very high or very low scores in psychometric tests, or extreme levels of a
biomarker).

3. Comparison: Genetic association studies (genome-wide association studies (GWAS), WES, genotyping,
Sanger sequencing, or targeted sequencing).

4. Outcome: genetic findings reported (rare variants, candidate genes, or pathways associated with the
condition of interest).

5.  Study design: case—control, case report, case—cohort, or trios.

2.4. Exclusion Criteria

e  Studies in non-human models.
e Studies not published in English.
e Studies with a publication date =10 years.

2.5. Quality Assessment of Selected Studies

The extracted records were screened to remove duplicate entries. The title and abstract of all articles
were reviewed to exclude reviews, meta-analysis, and irrelevant records (non-genetic studies,
pharmacogenomics or clinical studies). The search was conducted primarily for rare variants, but any type of
variants were retained and included in this systematic review. After screening, the obtained records were
considered for full-text assessment in the next step. To assess the quality of these articles, we formulated 8
questions for EP studies (Table 1). For each question, a positive answer was scored as 1 and a negative
answer as 0. Each author classified and rated each record independently of each other. Differences in the
scores were discussed to get a final consensus score. If a record achieved >60% of the total score, the
response to Q8 was “yes”, and the reported rare variants have a MAF < 0.05, then the record was selected for
synthesis. So, only studies with significant results were included. Two of the authors carried out the synthesis
(SA, JALE). The outcome for each selected study was assessed according to Q8 and the following criteria; if
a given study had found any rare or de novo variant, common variant, copy number variants, candidate genes,
or pathways for EP subjects, then the major outcome was considered as positive.

Table 1. Criteria used to assess the quality of the selected genetic studies using an extreme phenotype

approach.
No. Question Answer
Ql Is there a thorough description of the study design? Yes/No
Q2 Has the study described the method of sequencing/genotyping? Yes/No
Q3 Has the study provided information about population ancestry? Yes/No
Q4 Is there any information on the sex of the selected individuals? Yes/No
Q5 Is there any information on the age of disease onset? Yes/No
Q6 Has the study used extreme phenotype criteria for sample recruitment? Yes/No
Q7 Has the study performed sex-specific analysis for genetic associations? Yes/No
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Q8

Has the study reported significant genetic findings?

Yes/No
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2.6. Data Extraction and Synthesis

The following information was extracted from each article selected for synthesis: first author’s last
name, publication year, disease/disorder name, population ancestry, study design, sequencing method,
EP/disease phenotype criteria, sample size for cases, age of disease onset, sex of individuals, MAF, and main
genetic findings. Moreover, the phenotype criteria and the main genetic findings for EP were of great interest
for synthesis.

2.7. Risk of Bias

The Cochrane collaboration tool [21] was used to assess the risk of bias for each selected study (Table
S2).

3. Results
3.1. Selection and Characteristics of EP Studies

For the EP strategy, we retrieved 106 records in total, 66 records from PubMed and 40 from Embase, by using
the search strings reported in the search strategy section. After duplicates’ removal, we retained 89/106 records
aggregated from the two databases. Next, after screening by title and abstract of the articles, we retrieved 30/89
records that were included for full-text assessment. The discarded records were reviews, meta-analyses, non-genetic
studies, pharmacogenomics studies, posters, or abstracts presented at scientific meetings. All studies including
variants with MAF > 0.05, single cases, or <5 patients with EP were excluded. We performed quality assessment
for 30 articles, and 19/30 records surpassed the minimum quality assessment score and were considered for
synthesis. (Figure 2, Table S3).

£
-% Identified records (N=106)
Q
-3; PubMed (n=66)
§ Embase (n=40)
2
'g Records selected after
o duplicate removal (N=89) {:‘ Duplicate records excluded (N=17)
@
Records excluded after screening (N=59)
Records selected after {:}
screening (N=30) - Review paper
- Meta-analysis
- Non-genetic studies
E‘ - Pharmacogenomics
3 - Poster or abstract
= - Sample size <5 subjects
w
Full Text
Assessment +
Excluded records (N=11)
- Quality assessment score < 60
3 Records - Nonsignificant result
5 selected for - Studies with MAF>0.05
% synthesis
£ (N=19)

Figure 3. Flowchart to select extreme phenotype records for synthesis.
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Among the 19 studies selected for synthesis, 16 records were related to physical conditions, 1 was on
bipolar disorder, and 2 were related to neurological disorders including epilepsy and Alzheimer’s disease. All
of these studies reported rare variants, candidate genes, or potential pathways associated with a particular trait
using an EP approach. These 19 EP studies covered 18 complex diseases.

Information about population ancestry and sample size of cases was available for all 19 studies. Only
11/19 studies reported the age of disease onset, and 18/19 records reported the sex of the individuals. The
most common criteria to define EP included early onset, late onset, family history, acute form, and/or fast
progression of a disease. In addition, disease-specific features were also considered to define an EP, such as
the worst score in biomarkers levels including Bone Mass Density (BMD) and spirometry-based severity
according to Global Initiative for Chronic Obstructive Lung Disease (GOLD) grade. The reported sample size
was between 12 and 32,965 individuals. A summary of the characteristics of these 19 EP studies is shown in
Table 2.

3.2. Synthesized Findings of EP Studies

In the 19 EP studies, the combination of general and disease-specific EP criteria was used to select
individuals. Information on the study design, sequencing technique, and ancestry population was available for
all 19 studies. The reported sample size varied according to the design and sequencing method: 1711 + 2513
(mean = SD) for GWAS, 929 + 2389 for genotyping, 1274 + 9380 for WES, 29 + 9 for targeted sequencing,
and 949 + 8742 for Sanger sequencing. All 19 examined studies using EP to select individuals reported
significant findings including several rare variants, copy number variants, potential candidate genes or
pathways associated with the condition of interest. WES was able to find rare variants in 13/19 studies (MAF
= 0.00-0.05) in identified variants. It also helped in the identification of several novel candidate genes
including TACC2 [22], PRKCD, C1QTNF4, DNMT3A [23], LOC728699, and FASTK [16]. GWAS identified
a rare variant in 1/19 study (MAF = 0.04). In addition, genotyping and targeted and Sanger sequencing
contributed in the identification of many candidate genes and micro-deletions.
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Table 2. Summary of the 19 genetic studies using an extreme phenotype approach selected for synthi

Numbe
. o . Sequencing r of
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4. Discussion
4.1. Summary of the Main Findings

Our systematic review shows that individuals with an EP may reveal rare variants that can influence genetic
susceptibility in most complex disorders. Complex disorders have a heterogeneous spectrum of symptoms, with variable
expressivity observed in each patient. By cluster analysis, it is possible to identify subgroups of patients, and by selecting
patients with EP (high expressivity), we would expect to find an enrichment of rare variations associated with the EP
[37]. However, we cannot recommend a particular EP strategy to select patients, although the selection of individuals
with an early-onset disease and/or a severe phenotype (genetic anticipation) will probably help in the search of rare
variations. In contrast, elderly patients can show mutations associated with exposure to environmental factors along life
(ultraviolet radiation, chemical agents, pollutants) [38]. In general, the criteria to define EP combine common and
disease-specific features such as the chronic state of a disease, very high or low biomarker levels such as BMD,
spirometry-based severity level according to GOLD, family history, and early/late age of disease onset.

Of note, a large sample size was not required in WES studies for the discovery cohort, and 10/19 records had a
number of cases <100. Therefore, a moderate sample size of individuals with EP was sufficient to identify candidate rare
variants or genes. These individuals with EP were carriers of rare variants with a high effect size to target new candidate
genes. The EP approach was reproducible across different populations, since the selected studies recruited cases with
different ethnic backgrounds including Asian, African, and European ancestry and with monogenic diseases such as
cystic fibrosis [13] with an extreme phenotype (persistent tracheobronchial infection with early onset) [39]. Therefore,
the information about age of disease onset and sex of the selected individuals is essential to define an EP [40].

4.2. Selection of EP in Quantitative Traits

Individuals with EP are characterized by extreme clinically relevant attributes, toxic effects, or extreme responses to
a treatment [1]. From a theoretical perspective, a very EP is more informative than an almost EP, but in practice there are
several limitations associated with the very EP, such as vulnerability to phenotype heterogeneity and measurement errors.
If a significant proportion from both sides of an extreme is discarded, the almost EP can still be more powerful than
random sampling of the same size. The benefits of EP sampling were demonstrated by proposing power calculation
methods with the help of the maximum likelihood approach [11,41]. It was also indicated that EP sampling to detect rare
variants is more cost-efficient as compared to traditional study designs with a large cohort [42] Replication in a second
independent EP cohort to enhance the power of a study is highly recommended, but it is unlikely to obtain a large sample
size of EP subjects from a single region’[43]. However, the EP approach is considered more efficient than random
sampling for the detection of rare variants associated with a trait [11]

4.3. Familial Disorders and EP Strategy

Some common disorders show rare familial phenotypes with Mendelian inheritance associated with rare variants
with large effect size. There are many studies using the EP strategy for familial cases of complex disorders, such as
Alzheimer’s disease (AD) [25], polyautoimmunity disorder [24], and congenital hypothyroidism [44]. For example, a
recent study using linkage analysis demonstrated that by selecting individuals with familial autoimmunity and
polyautoimmunity as EP, it was possible to identify the SRAL gene (LOD score = 5.48) [24]. Furthermore, a WES study
on AD analyzed non-Hispanic White patients and Caribbean Hispanic families to find genes associated with early-onset
AD. Heterozygous non-synonymous variants with global MAF < 0.001 were selected for variant prioritization and
showed autosomal-dominant segregation in these families. Several genes such as RUFY, TCIRG1, PSD2, and RIN3 were
identified that could be involved in endolysosomal transport in both early- and late-onset AD [25]. In some complex
diseases such as Meniere disease (MD), a syndrome characterized by hearing loss, episodic vertigo, and tinnitus, there is
also a strong evidence of genetic predisposition in most affected families, showing an autosomal-dominant inheritance
with almost 60% penetrance. By using WES in familial MD analysis, a burden of multiplex rare missense variants in the
OTOG gene was reported in 30% of familial cases [45], which illustrates the success of considering familial cases as EP.
Furthermore, a study on genetic epilepsy with hay febrile seizures plus (Dravet syndrome) has reported a SCN1A
missense variant in a large Jewish family (14/17 cases) with epilepsy syndrome at both extremes (low and high) [15], and
a study on thyroid dysgenesis with congenital hypothyroidism found a familial PAX8 variant associated with EP [44]

4.4. An EP Strategy to Investigate the Genetic Contribution to Tinnitus
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Tinnitus is the perception of noise in the absence of an external acoustic stimulation, affecting more than 15% of the
population and causing a decrease in health-related quality of life [46]. Several specific instruments have been defined to
characterize chronic or severe tinnitus, and these instruments have been proposed to measure tinnitus annoyance to
define EP for genetic studies [47]. Epidemiological evidence to support a genetic contribution to tinnitus is still weak
because of the heterogeneous nature of this condition. In fact, tinnitus can occur together with multiple comorbidities
including hearing loss, migraine, sleep disorders, anxiety, other psychological conditions, and some rare monogenic
disorders [48]. The careful selection of phenotypes for genetic studies is crucial. The inclusion criteria should consider
young individuals with severe forms of bilateral tinnitus to investigate the genetic contribution of rare variations to
tinnitus. These individuals may carry a greater susceptibility and lower environmental load; however, severe forms of
tinnitus in young individuals are rare [49] and multicenter studies are needed to reach a minimum sample size [50]

4.5. Limitations

Some weaknesses were found in the design of EP strategies; therefore, further research is required. The replication
of the genetic studies across different populations with different ethnic backgrounds has enough potential to validate
genetic associations [13,36]; however, the frequency of allelic variants is different across different populations, and
specific reference data for allelic frequencies are needed for each population. The rare variants reported in simplex
families with EPs should be validated in more patients with a severe phenotype [24]. Most of the studies used WES
rather whole-genome sequencing (WGS) and this can cause the loss of useful genetic information and erroneous results
in calculating the effect size of rare variants at the individual level across a particular phenotype [17].

5. Conclusions

Genetic studies have confirmed the effectiveness of the EP strategies to establish the genetic contribution of rare
variations to complex diseases.

Supplementary Materials: The following is available online at www.mdpi.com/xxx/s1, Table S1: Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA), Table S2: Risk of bias of 19 EP studies; Table S3: Quality assessment of EP
studies.
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Supplementary Material

Table S1: Preferred Reporting Items for Systematic Reviews and Meta-Analyse:

Section/topic

| # |Checklistitem

Identify the report as a systematic review, meta-analysis, or both.

Provide a structured summary including, as applicable: background; objectives; data sources; study eligi
Structured summary 2 participants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions a
findings; systematic review registration number.
Rationale 3 Describe the rationale for the review in the context of what is already known.
- Provide an explicit statement of questions being addressed with reference to participants, interventions, (
Obijectives 4 :
and study design (PICOS).
Protocol and 5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available,
registration information including registration number.
R o Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years cor
Eligibility criteria 6 L0 S0 o L -
publication status) used as criteria for eligibility, giving rationale.
. Describe all information sources (e.g., databases with dates of coverage, contact with study authors to id
Information sources 7 o
studies) in the search and date last searched.
Search 8 Present full electronic search strategy for at least one database, including any limits used, such that it cot
Study selection 9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if aj
the meta-analysis).
Data collection process 10 Desgrlpe method o_f dqta extraction f_rom rgports (e.g., piloted forms, independently, in duplicate) and an
obtaining and confirming data from investigators.
Data items 11 H;é:nd define all variables for which data were sought (e.g., PICOS, funding sources) and any assumpt




Risk of bias in 12 Describe methods used for assessing risk of bias of individual studies (including specification of whethe
individual studies study or outcome level) and how this information is to be used in any data synthesis.
Summary measures 13 State the principal summary measures (e.g., risk ratio, difference in means).

. Describe the methods of handling data and combining results of studies, if done, including measures of
Synthesis of results 14 -

each meta-analysis.

Risk of bias across 15 Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, sel
studies studies).
Additional analyses 16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done

pre-specified.

Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for €;

Study selection 17 ideally with a flow diagram.
Study characteristics 18 F_or gach study, present characteristics for which data were extracted (e.g., study size, PICQOS, follow-up
citations.
sF;:JSc;:J bias within 19 Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12).
Results of individual For all outcomes considered (benefits or harms), present for each study: (a) simple summary data for eac
- 20 . . . . )
studies effect estimates and confidence intervals, ideally with a forest plot.
Synthesis of results 21 Present results of each meta-analysis done, including confidence intervals and measures of consistency.
SRt:JSCIi(i:: bias across 22 Present results of any assessment of risk of bias across studies (see Item 15).
Additional analysis 23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see |
. Summarize the main findings including the strength of evidence for each main outcome; consider their rt
Summary of evidence 24 . .
(e.g., healthcare providers, users, and policy makers).
L Discuss limitations at study and outcome level (e.g., risk of bias) and at review level (e.g., incomplete re
Limitations 25 . .
research, reporting bias).
Conclusions 26 Provide a general interpretation of the results in the context of other evidence and implications for future
Funding 97 Describe sources of funding for the systematic review and other support (e.g., supply of data); role of fur

review.




Table S2: Risk of bias of 19 EP studies

Bias
Reference Study design Sample size
Selection | Performance Detection Attrition Reporting
Pullabhatla et al. (2017) | Family trios, 30 trios, High Low High Low High
Replication cohort 10995
-control
Johar et al.(2016) gjzzscggctrl‘(’ml 47 Low Low Low High Low
Kunkle et al. (2017) Case-control, % High Low High Low High
Replication cohort 8570
4
Emond et al.(2012) Case-control, 5 Low Low Low Low Low
Replication cohort 696
Case-control .
Shtir et al. (2016) ijj:;’:ctrl‘(’mal 43 Low Low Low High Low
Liu et al. (2016) g?z:;fg:c’[:i(:;al 48 sporadic and 54 familial Low Low Low Low Low
Case-control,
Husson et al.(2018) Cross-Sectional 92 Low Low Low High Low
Case-control,
Johar et al.(2015) Cross-Sectional 12 Low Low Low Low Low
t, .
Hiekkala et al.(2018) Case report, 293 Low Low Low High Low
Cross sectional
. Case-control, . . . .
Qiao et al.(2018) Cross-Sectional =1769 High Low High High High
Case-control,
Bruse et al.(2016) . 62 Low Low Low Low Low
Cross-Sectional
Case report, . . . . -
1.(201 26(1
Nuytemans et al.(2018) Cross sectional 6(13 trios) High Low High High High
- 1
Aubart et al.2018) S?SESC;I;:;’M] 51 EP and 8 sib-pairs Low Low Low High Low
1258
Gregson et al. (2018) Case-control, g Low Low Low Low Low
Replication cohort 32965
1
Lee et al. (2018) Case-control, 881, Low Low Low Low Low
Replication cohort 274
1653 .
Tomaiuolo et al. (2012) Case-control, ! Low Low Low High Low
Replication cohort 909
Goldberg-Stern et al. - 1
Case Cont?o / 14 familial cases Low Low Low High Low
(2013) Cross sectional
Case-control, ]
Shen et al. (2017) . 884 Low Low Low High Low
Cross sectional
C t . . . .
Uzun et al. (2016) ase report, 32 High Low High High High

Cross sectional
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Table S3: Quality assessment of EP studies

Inclusion & exclusion criteria

Reference Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Percentage | Qualified
Kolek et al.(2014) 1 1 0 1 0 1 0 0 50 No
Amin et al .(2012) 1 1 1 1 0 1 0 1 75 No
Coassin et al. (2017) 1 1 1 1 0 1 0 1 75 No
Renaud et al.(2016) 1 1 0 1 1 1 0 0 62.5 No
Lee et al. (2018) 1 1 1 1 1 1 0 1 87.5 Yes
Charles et al. (2018) 1 1 1 1 0 1 0 1 75 No
Bjgrnland et al. (2017) 1 1 1 1 0 1 1 1 87.5 No
Aubart et al.(2018) 1 1 1 1 1 1 0 1 87.5 Yes
Goldberg-Stern et al. (2013) 1 1 1 1 1 1 0 1 87.5 Yes
Pullabhatla et al. (2017) 1 1 1 0 1 1 0 1 75 Yes
Johar et al.(2016) 1 1 1 1 0 1 0 1 75 Yes
Kunkle et al. (2017) 1 1 1 1 1 1 0 1 87.5 Yes
Shen et al. (2017) 1 1 1 1 0 1 0 1 75 Yes
Emond et al.(2012) 1 1 1 0 1 1 0 1 75 Yes
Emond et al.(2015) 1 1 1 0 1 1 0 1 75 No
Shtir et al. (2016) 1 1 1 0 0 1 0 1 62.5 Yes
Liu et al. (2016) 1 1 1 1 1 1 0 1 87.5 Yes
Eerde et al. (2012) 1 1 1 1 0 1 0 1 75 No
Gregson et al. (2018) 1 1 1 1 0 1 0 1 75 Yes
Paternoster et al.(2011) 1 1 1 1 0 1 0 1 75 No
Husson et al.(2018) 1 1 1 1 1 1 0 1 87.5 Yes
Limou et al.(2010) 1 1 1 1 0 1 0 1 75 No
Johar et al.(2015) 1 1 1 1 1 1 0 1 87.5 Yes
Peloso et al. (2016) 1 1 1 1 0 1 0 1 75 No
Tomaiuolo et al. (2012) 1 1 1 1 0 1 1 1 87.5 Yes
Uzun et al. (2016) 1 1 1 1 0 1 0 1 75 Yes
Hiekkala et al.(2018) 1 1 1 1 1 1 0 1 87.5 Yes
Nuytemans et al.(2018) 1 1 1 1 0 1 0 1 75 Yes
Qiao et al.(2018) 1 1 1 1 1 1 0 1 87.5 Yes
Bruse et al.(2016) 1 1 1 1 0 1 0 1 75 Yes

Legend: 1= Yes, 0= No
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Abstract

Background Tinnitus is a heterogeneous condition associated with audiological and/or mental disorders. Chronic, severe
tinnitus is reported in 1% of the population and it shows a relevant heritability, according to twins, adoptees and familial
aggregation studies. The genetic contribution to severe tinnitus is unknown since large genomic studies include
individuals with self-reported tinnitus and large heterogeneity in the phenotype. The aim of this study was to identify
genes for severe tinnitus in patients with extreme phenotype.

Methods For this extreme phenotype study, we used three different cohorts with European ancestry (Spanish with
Meniere disease (MD), Swedish tinnitus and European genetic generalised epilepsy). In addition, four independent
control datasets were also used for comparisons. Whole-exome sequencing was performed for the MD and epilepsy
cohorts and whole-genome sequencing was carried out in Swedish with tinnitus.

Findings We found an enrichment of rare missense variants in 24 synaptic genes in a Spanish cohort, the most
significant being PRUNE2, AKAP9, SORBS1, ITGAX, ANK2, KIF20B and TSC2 (p < 2E™), when they were compared
with reference datasets. This burden was replicated for ANK2 gene in a Swedish cohort with 97 tinnitus individuals, and
in a subset of 34 Swedish patients with severe tinnitus for ANK2, AKAP9 and TSC2 genes (p < 2E%). However, these
associations were not significant in a third cohort of 701 genetic generalized epilepsy individuals without tinnitus. Gene
ontology (GO) and gene-set enrichment analyses revealed several pathways and biological processes involved in severe
tinnitus, including membrane trafficking and cytoskeletal protein binding in neurons.

Interpretation A burden of rare variants in ANK2, AKAP9 and TSC2 is associated with severe tinnitus. ANK2, encodes a
cytoskeleton scaffolding protein that coordinates the assembly of several proteins, drives axonal branching and influences
connectivity in neurons.

Funding

This study has been funded by H2020 MSCA-ITN-2016-722046, the H2020-SC1-2019-848261, and the GNP-182
GENDER-Net Co-Plus Fund (JALE and CRC). The project leading to these results has received funding from “la Caixa”
Foundation (ID 100010434), under agreement LCF/PR/DE18/52010002 (JALE). This project is a part of European
School of Interdisciplinary Tinnitus (ESIT) research and Sana Amanat is a student in Biomedicine Program at the
University of Granada. CRC received additional funding from Svenska Lé&kareséllskapet (SLS-779681),
Horselforskningsfonden (503). The data handling for STOP and SweGen cohorts were enabled by resources provided by
the Swedish National Infrastructure for Computing (SNIC) at UPPMAX partially funded by the Swedish Research
Council through grant agreement no. 2018-05973. The time provided by JS was funded by the University of Nottingham,
Nottingham Research Fellowship. PM was supported by the BMBF Treat-ION grant (01GM1907) and the DFG Research
Unit FOR2715 (FNR INTER/DFG/17/11583046).

Keywords: Tinnitus, extreme phenotype, axon initial segment, exome sequencing
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Research in context

Evidence before this study

Tinnitus is the perception of noise or ‘ringing in ear’ in the absence of an external acoustic stimulation affecting more
than 15% of population. Severe tinnitus disturbing quality of life is experienced by 1% of the population and it has a
significant heritability according to twins, adoptees and familial aggregation studies. A systematic review of extreme
phenotype strategies to search for rare variants in genetic studies of complex disorders has found evidence to support a
high effectiveness to reveal rare pathogenic variants and target novel candidate genes; particularly in neurological
disorders such epilepsy or Parkinson disease. By selecting individuals with tinnitus extreme phenotype, we should expect
a burden of rare variation in certain genes associated with severe tinnitus.

Added value of this study

We have found a significant enrichment of missense rare variants in synaptic genes including ANK2, TSC2 and AKAP9 in
patients with tinnitus extreme phenotype in MD patients. We also replicated these findings in an independent cohort of
tinnitus patients from Sweden. Gene ontology (GO) and gene-set enrichment analyses revealed several pathways and
biological processes involved in severe tinnitus, the top GO terms being membrane trafficking and cytoskeletal protein
binding in neurons.

Implications of all the available evidence

This is the first study reporting the association of rare variation in ANK2, TSC2 and, AKAP9 genes with severe tinnitus
and supports the involvement of membrane trafficking and cytoskeletal protein binding in the pathophysiology of severe
tinnitus.

Introduction

Tinnitus is the perception of noise in the absence of an external acoustic stimulation. The symptom is reported by more
than 15% of the world population; however, tinnitus is considered a disorder when it is associated with emotional
distress, cognitive dysfunction, and/or autonomic arousal, leading to behavioural changes and functional disability"2 The
main risk factor of tinnitus is hearing loss, but it is often associated with other conditions including hyperacusis, anxiety,
depression, hypertension, insomnia or migraine®. Meniere disease (MD) is a rare inner ear disorder with a significant
genetic contribution #, characterised by episodes of vertigo, tinnitus and sensorineural hearing loss®. Although vertigo
attacks are considered as the main symptom in the first years of the disease, persistent tinnitus is described as a most
troublesome symptom by many MD patients .

Evidence for a genetic contribution to severe tinnitus is unknown since large genomic studies include individuals with
self-reported tinnitus and large heterogeneity in the phenotype ®°.The extreme phenotype (EP) strategy has been used in
exome sequencing studies to investigate the genetic contribution of rare variants in rare and complex disorders'®*,
Individuals with EP are characterized by extreme clinically relevant attributes, toxic effects, or extreme responses to a
treatment. EP covers both extreme ends of a phenotype distribution in quantitative traits and a burden of rare variation is
expected in certain genes in individuals with a severe tinnitus *2.

The aim of this study was to identify rare variants in synaptic genes by exome sequencing in patients with severe tinnitus.
For this, we performed a gene burden analysis (GBA) in Spanish patients with MD and tinnitus EP. Candidate genes
ANK2, TSC2 and AKAP9 found in the MD-EP cohort were replicated in a Swedish tinnitus cohort, but not in a third
generalised genetic epilepsy cohort, overall identifying the first putative genes involved in severe tinnitus.

Materials

Subjects and definition of phenotype

Individuals were recruited through the Meniere disease Consortium (MeDiC), and the diagnosis of patients was
performed according to the diagnostic criteria for MD stated by the Barany society™. The Spanish version of the Tinnitus
Handicap Inventory (THI) questionnaire ** was used to assess the tinnitus severity and the functional impact of tinnitus
on daily life *°. A total of 59 Spanish patients with chronic and persistent tinnitus were selected among 1890 individuals
from the MeDiC cohort, according to percentile 90 in the THI score (extreme cases). Diagnosis and psychoacoustic
characterization of chronic tinnitus in patients with MD was performed as previously reported *°.Tinnitus EP was defined
in MD patients (MD-EP) with an early onset and severe persistent tinnitus according to Tinnitus Handicap Inventory
(THI) score™®. Thirty individuals with THI score >76 were classified as extreme phenotype (EP), 29 individuals with THI
> 56 and <76 were defined as almost extreme phenotype (AEP). An in-house group of patients with MD without
persistent tinnitus (N=32) were used as internal controls for this study.The clinical information of patients with MD and
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tinnitus phenotypes is detailed in (Supplementary Tables 1 and 2). A second independent tinnitus cohort of 97 individuals
from Sweden was selected as a replication cohort: the Tinnitus Swedish Tinnitus Outreach Project (STOP)Y which
originates from the LifeGene study *%. A subgroup of 34 individuals with severe tinnitus was also selected according to
the THI > 56 (Supplementary Table 3). We also retrieved rare variant summary statistics data from a third cohort of
patients with epilepsy, the CoGIE cohort, that consisted of 701 individuals (152 Generalised genetic epilepsy cases and
549 controls), previously reported®. The CoGIE cohort was select as an external control to confirm that the genes
associations reported in tinnitus were not observed in a non-related neurological disorder. All cases and controls were of
European ancestry.

Procedures

Whole exome sequencing (WES) was performed on MD-EP, MD-AEP cases and in-house MD controls. DNA was
extracted from blood or saliva samples using quality controls as previously described®. Exon capture was done with the
SureSelectXT Human All Exon V6 (Mb) kit (Agilent), and the sequencing was done using HiSeq 4000 platform
(IMlumina) or NovaSeq 6000 platform (llumina). Paired-end reads were generated per sample to provide an on-target
coverage of 100X minimum, with a total coverage of 10GB/sample in HiSeq4000 and 18GB/sample in Novaseq 6000.
Read size was 100bp on HiSeq 4000 sequenced samples and 150 bp on Novase6000 sequenced samples.

Raw reads were stored as FASTQ files for each individual. GATK best practices pipelines were utilized to generate
Binary Alignment Map (BAM) and Variant Calling Format (VCF) files from raw unmapped reads®. Human reference
genome GRCH37/hg19 was used to align the reads with the help of Burrows-Wheeler Aligner (BWA-MEM) algorithm.
To filter out low quality single nucleotide variants (SNVs) the recommended hard filter was applied as " quality by depth
(QD), < 2.0 || fisher strand (FS) > 60.0 || root mean square quality mapping (MQ) < 40.0 || MQRankSum < -12.5 ||
ReadPosRankSum < -6.0". QD is used to normalize the quality of variants to evade the inflation in the existence of deep
coverage. FS determines the probability which is based on Phred-scale of the site in case there is strand biasness. This
score describes if the alternate alleles are more or less on the reverse or forward strand as compared to reference allele.
MQ parameter explains the mapping quality of a site.

The called variants were further filtered out by an in-house MD control dataset composed of 32 individuals to exclude
variants associated with MD. The final list of remaining variants was functionally annotated using KGGSeq suite % v1.0
and ANNOVAR tool*® 2019Nov04.

To search for target genes involved in tinnitus, we have used the list of genes included in SynaptomeDB (N=1886).
Genes encoding synaptic components included scaffold proteins, membrane transporters, cytoskeletal/adhesion proteins,
neurotransmitters and its receptors (hereafter referred as synaptic genes, SG). > Additionally, hearing loss genes (N=152)
from Deafness Variation Database (DVD) v.8.1(http://deafnessvariationdatabase.org) were also analysed to separate the
potential effect of rare variation in hearing loss genes on tinnitus .

In order to search for variants associated with tinnitus, two types of variant analysis were performed: single variant
analysis (SVA) and gene burden analysis (GBA) for EP and AEP (Supplementary Fig.1). A flowchart for variant analysis
according to the type of variant, location in coding or non-coding regions and effect on the protein is
described(Supplementary Fig.2).We have used three independent datasets as reference population: Non-Finnish
European (NFE) population dataset from gnomAD.v2, NFE from gnomAD.v3 % and a Spanish dataset from
Collaborative Spanish Variant Server (CSVS)?.We also called small insertions and deletions (indels) from MD-EP and
MD-AEP patients and filtered out by in-house controls and the filtering criteria was applied according to GATK best-
practice guidelines. All variants were assessed and evaluated according to the guidelines provided by American College
of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) . The final filtered
list of candidate variants was checked through 1GVv.2.8.9,further validated by Sanger sequencing and represented using
Ilustrator for biological sequences (IBS)*.

Gene ontology (GO) analyses and gene enrichment analyses were performed using GSEA and MsigDB
(https://www.gsea-msigdb.org/gsea/index.jsp) as previously described *. Two gene lists generated according to the GBA
for rare SNVs and indels including 24 and 31 genes were used to retrieve signalling pathways and biological processes.
For Gene expression analysis, In-situ hybridization (ISH) data in the mouse brain were obtained from the Allen Brain
Atlas data set (http://www.brain-map.org), methods for data collection have been described previously *(Supplementary
Note 1).

Statistical analysis
NFE population datasets from gnomAD.v2 (Exomes=56,885; Genomes=7,718), and gnomAD.v3 (Genomes=32,399), a
Spanish population dataset from CSVS (Exomes=1,942) and a Swedish population dataset from SweGen
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(Genomes=1000) were used as control groups® to compare the minor allele frequency (MAF) and to calculate the odds
ratio (OR) for Spanish MD-EP and Swedish tinnitus cohorts. For SVA the OR with 95% CI was calculated for each
variant using the three control datasets and p-values were corrected by the total number of variants being compared. For
GBA, total alternate alleles per gene using 2x2 contingency matrixes were calculated for EP, AEP and control datasets.
For each gene, the OR was calculated with 95% CI and two-tailed p-value was corrected for multiple testing by the total
number of genes being compared following Bonferroni-correction. A corrected p-value <0.05 was considered significant.
For each gene, the Etiological Fraction (EF) was also calculated as it was previously described *.

Role of the funding source
The funders of this study had no role in study design, patient recruitment, data analysis, its interpretation or writing the
manuscript. The authors had full access to data used in this study with the responsibility to submit it for publication.

Ethical approval

This study has been approved by the Andalucian Ethical Review Board and written consent was obtained from all
subjects to conduct genetic studies (Protocol number 722046).

Results

Synaptic genes in Spanish patients with tinnitus extreme phenotype

First, we performed a SVA in patients with tinnitus EP in MD. The total number of obtained variants with MAF <0.05
were 2287 for EP and 1610 for AEP, respectively. Two missense variants were found significantly associated in patients
with MD and EP after p-correction. The first was a heterozygous variant and it was found in 3 unrelated individuals
located at exon 21 in DAAM1 gene (chrl4:59826182A>C; p.Asn875His; rs61740455) with MAF,=0.002 and
CADD=17.85). The associated second variant was located at exon 32 in MYH10 gene (chrl7:8397065C>A,
p.Alal399Ser; rs149021341; MAF,s =0.001, CADD= 22), and it was found in 2 individuals and one of the carriers was
homozygous. Next, we carried out a GBA in the Spanish MD cohort with EP and AEP. For this, we selected variants
with MAF<0.1 to analyse the combined effect of different common and rare variants in the same gene. The retained
variants in patients with MD were 4625 for EP and 3592 for AEP, respectively after filtering by MD in-house controls to
rule out rare variants associated with hearing or vestibular phenotypes. The GBA of missense variants showed 24
significant genes in tinnitus MD-EP including PRUNE2, AKAP9, SORBS1, ITGAX, ANK2, KIF20B, LRPPRS, SYNPO,
TSC2 (Table 1), and 18 genes for MD-AEP (Supplementary Table 4). Interestingly, none of these genes showed an
enrichment of synonymous or 5°UTR variants in EP (Supplementary Tables 5 and 6); additionally, the genes from
synonymous analysis for AEP are detailed (Supplementary Table 7) The most significant finding for EP was an
enrichment of missense variants in the ANK2 gene, against NFE population from gnomAD.v2 [OR=18.30(6.78-49.40),
EF=0.95, corrected-p=1.80E-05], gnomAD.v3 [OR=19.95(7.36-54.08), EF=0.95, corrected-p=7.55E-06] and Spanish
population from CSVS [OR=21.93(7.02-68.48), EF=0.95, corrected-p=2.02E-04]. In ANK2, four different missense rare
variants were found in 3 different sporadic cases; three of the variants were novel and they have not been reported in
gnomAD or CSVS databases. The variant 4:114294537G>A; exon 45 was found only in one case and two of the novel
variants 4:114277102T>G; exon 38 and 4:114294509G>C; exon 45 were carried by the same patient. The third novel
variant 4:114262911A>G was located at exon 33 (Supplementary Table 8 and Supplementary Fig.3).

In the next step, we selected missense variants with CADD>20 from SG in MD-EP (561 SNV) and MD-AEP (560 SNV)
for the GBA. CADD score describes the deleteriousness of SNVs and can be used to prioritize the disease causal
variants explaining the underlying genetic architecture and effect size. We obtained 7 genes with significant burden of
rare pathogenic variants (Supplementary Table 9), and 9 genes significant for AEP (Supplementary Table 10), when they
were compared with reference datasets.

Finally, we performed a SVA and GBA of indels in SG from Spanish patients with MD-EP and MD-AEP. Indels were
further filtered out by in-house controls. A total of 1565 indels (MAF<0.05) for SVA, and 2370 indels (MAF<0.1) for the
GBA were retrieved for the MD-EP, and 1404 indels for SVA (MAF<0.05) and 1693 (MAF<0.05) for GBA in the MD-
AEP group, respectively. We found an enrichment of indels in 31 genes in the MD-EP (Supplementary Table 11),
including TSC2, AKAP9 and several other genes and 48 genes in the MD-AEP (Supplementary Table 12), when data
were compared with European reference datasets (gnomAD.v2 and gnomAD.v3). Unfortunately, we cannot compare the
allelic frequencies in MD-EP or MD-AEP for indels using the Spanish reference data (CSVS), since the number of indels
reported in CSVS dataset is low and it will overestimate the burden. We also compared rare with Loss-of-Function (LoF)
variants including nonsense, splice-site and frameshift small insertions and deletions in the SG set for MD-EP and MD-
AEP. We found 61 LoF variants in the MD-EP and 25 LoF variants in the MD-AEP. However, the number of nonsense
or novel splice-site variants found was small, and no significant burden of LoF variants was found in MD-EP and in MD-
AEP.
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Replication in Swedish patients with severe tinnitus

To replicate the findings in a Swedish cohort with severe tinnitus, we selected all the significant genes from MD-EP
analysis. We used three different population datasets as reference controls (gnomAD.v2, gnomAD.v3 and SweGen). The
observed MAF for each gene was calculated and compared with controls, whilst p-values were corrected by the total
number of variants per gene. Six genes showed an enrichment of missense variants. Subsequently, we selected a subset of
34 patients with severe tinnitus (THI score >56) and found a burden of missense variants in ANK2, AKAP9 and TSC2
genes (Table 2). Missense variants identified in the GBA for ANK2 gene are detailed in (Supplementary Table 8); most
of these variants are clustered around exons 38 to 45 across the gene sequence (Supplementary Fig.2).Supplementary
Tables 13 and 14, list missense variants found in the GBA for AKAP9 and TSC2 genes in Spanish and Swedish patients
with tinnitus. Rare variants found in ANK2 and TSC2 genes were also validated by Sanger sequencing (Supplementary
Fig. 4 and 5).

In addition, we used an independent cohort of generalised genetic epilepsy to determine if the association of ANK2, TSC2
and AKAP9 genes with severe tinnitus was a non-specific finding, since some neurological disorders such as epilepsy
could also share some common genetic background with tinnitus. For this, we performed a GBA using the same SG list
in this epilepsy cohort, but none of the genes showed a significant enrichment of missense variants strongly suggesting
the genes captured here are tinnitus-specific.

Lastly, we performed GBA of indels in the Swedish cohort using synaptic genes with MAF<0.1. We found 2 genes in the
tinnitus cohort (N=97), and 6 genes in subgroup with severe tinnitus (N=34), showing a significant burden of indels
(Supplementary Table 15).

To investigate the association of rare missense variants in hearing loss genes with MD-EP, we performed a GBA of
missense variants using hearing loss genes in patients with MD. We obtained 305 variants from EP and 313 from AEP
with MAF<0.1, respectively. The 6 genes included USH1G, ILDR1, OTOA, PCDH15, CACNA1D and NARS2 were
found significant in EP (Supplementary Table 16), and 4 genes showed significant enrichment in AEP (Supplementary
Table 17). To replicate the burden of rare variants found in hearing loss genes in MD-EP patients, we selected a subset of
62 patients with self-reported hearing problems from the Swedish cohort. Then, we performed a GBA in the 6 significant
hearing loss genes of MD-EP, however, none of these genes showed an enrichment of missense variants in this cohort.

Gene ontology and Gene-set enrichment analysis in patients with tinnitus

We selected 55 significant genes from MD-EP to perform GO and gene-set enrichment analysis including 24 genes with
enrichment of missense variants and 31 genes with enrichment of indels analysis. The most significant pathway and GO
biological processes involved were the membrane trafficking and cytoskeletal protein binding (Fig. 1,Supplementary
Table 18).

ANK2 and TSC2 gene expression profile in the mouse brain

In-situ hybridization (ISH) data in the mouse (Ank2: n=2, Tsc2: n=2, one coronally and one sagittally sections each)
obtained from the Allen Mouse Brain Atlas®* demonstrated strong Ank2 and Tsc2 expression in a number of brain
regions (Fig. 2 and 3). Visual inspection revealed strong expression of both genes in the cortex, hippocampus (pyramidal
layer of CAl, CA2 and CA3 and the granule cell layer of the dentate gyrus), olfactory bulb (the granule and mitral
layers), hypothalamus and cerebellum. In addition, to subregions of other brain regions, notably: Tenia tecta, the
epithalamus (especially the medial habenula), piriform area (layer 2) and the magnocellular mucleus (Fig. 3). There was a
marked similarity in the brain wide expression of Ank2 and Tsc2, this could potentially suggest a common mechanism or
brain regions of interest. To confirm this co-expression, 4,104 genes in the mouse brain were compared (n = 4104). These
data were used to build a probability distribution for deriving a given amount of coexpression, based on this coexpression
of Ank2 and Tsc2 was found to be highly significant (coexpression = 0.9031, p = 0.0091), Fig. 3, (Supplementary Note
2). Somewhat comparable human data (though in a much lower quantity, i.e. Ank2: n = 3, Tsc2 = 2 brains) were also
found via the BioGPS gene portal system (http://biogps.org). These data demonstrated strong expression of both Ank2
and TSC2 in cortex (occipital and parietal lobes, and prefrontal cortex), hypothalamus, cerebellum (peduncles) and the
amygdala. Interestingly, the profiles of normalized brain expression of Ank2 and Tsc2 were also significantly correlated
suggesting similar expression in the human brain also (Pearsons, r = 0.507, p = 0.0031). Single cell RNA-seq data from
the Allen Cell Types Database also revealed similarities between human and mouse expression®.For both humans and
mice Ank2 and Tsc2 expression was significantly differentially distributed in cortical neurons (KS test, humans: Ank2, p
=1.1x10%, Tsc2, p = 1.4x10™, mouse: Ank2, p = 1.8x10%°, TSC2, p = 1.2x10®), where stronger expression was
commonly observed in pyramidal neurons when compared to inhibitory interneurons (Supplementary Fig. 6).
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Discussion

The present study reports for the first time a burden of rare missense and structural variants in several SG in patients with
severe tinnitus. These genes are involved in cytoskeleton organization and cytoskeleton protein binding in neurons
suggesting novel mechanisms involved in tinnitus severity. In particular, a burden of missense rare and novel variants in
ANK2, AKAP9 and TSC2 genes in Spanish MD patients with severe tinnitus (MD-EP), which was replicated in a Swedish
cohort of individuals with severe tinnitus. Using a large genetic generalized epilepsy cohort, we could confirm the
specificity of these new genes to tinnitus.

The synapse between sensory inner hair cells, primary auditory neurons and these neurons itself are potential candidates
for tinnitus, but its perception and long term maintenance involves complex networks in the central nervous system, both
in auditory and in non-auditory structures®. GO analyses suggest that membrane trafficking and cytoskeletal protein
binding in neurons are involved at the molecular level. Future studies in a larger cohort of tinnitus patients will confirm
these predictions.

Tinnitus is associated with hearing loss in 90% of cases, according to standard pure tone audiograms. The most accepted
causative model of tinnitus is based on the reduction in the auditory input associated with hearing loss, which leads to
increased gain in the auditory pathway; that is, an amplification of spontaneous activity in the auditory neurons will lead
to the perception of tinnitus®. This change in the intrinsic neuronal excitability after sensory deprivation occurs at the
axon initial segments (AlSs), the site of initiation of the action potential, which increase in length, and expression of
voltage-dependent Na+ channels and Ankyrin-G. a membrane scaffolding protein encoded by the ANK2 gene in the
AlSs.

The ANK2 (ENSGO00000145362) gene, which is located at chromosome 4q25-26, encodes Ankyrin-2, is a large
structural protein that carries death and ankyrin repeat containing domains. The Ankyrin gene has 46 exons in total and
exon 37/38 is brain specific®”® . It belongs to the ankyrin family that links the integral proteins to the fundamental
spectrin-actin cytoskeleton and plays an important role in different activities including micrometer scale organization of
plasma membranes in a broad spectrum of physiological context. ANK2 encodes two different polypeptide including
Ankyrin-2 (expressed in different tissues) and giant Ankyrin-2, a neuro-specific isoform variant expressed broadly in the
central nervous system, with 2133 residues encoded by exon 37 between death and spectrin-binding domains *. Giant
Ankyrin-2 is a key protein to keep connectivity and neural activity in the central nervous system. It contributes to the
development, maintenance and the refinement of neural circuits in different brain areas. The neural signals that arise at
AlSs site regulate the neural activity. However, the lack of auditory input can cause an increase in the length of AlSs
ultimately exciting the auditory neurons in avian brainstem *. In addition, this is accompanied with an increase in whole-
cell Na* current, membrane excitability and spontaneous firing. After auditory deprivation, the preservation of auditory
function indicates that the change may have occurred at synaptic functionality level rather than at the structural level.
However, the homeostatic changes occurring at AISs might play an important role to maintain the integrity of the
remaining neurons in auditory circuits *, something that may also occur in severe tinnitus.

Rare variations in ankB isoform may produce an increase of axonal branching *. In humans, rare variants in ANK2 gene
have previously been reported in individuals with autism spectrum disorder * and long QT syndrome™.

Epidemiological and genetic studies consistently support that severe tinnitus has a genetic contribution and common and
rare variants with epistatic effects shape the phenotype®**. A recent GWAS using a broad definition for tinnitus found a
small number of loci and common variants with small effect sizes*.

Tinnitus as a neurological disorder may not only result from sensory deprivation as it probably occurs in high-frequency
hearing loss or MD, or after synaptic reorganization that lead to changes on the neuronal excitability at different brain
areas, but also from enhanced connectivity with non-auditory brain regions as it is often observed in tinnitus patients or
individuals with severe tinnitus *.

Ank2 is expressed in a number of distinct auditory and non-auditory brain regions within the mouse brain. We
investigated ank2 and tsc2 co-expression profile by selecting RNAseq data, confirming that both genes have a significant
co-expression in the mouse. Human data (on a much grosser) scale appears to confirm this with significant correlation of
these genes across the brain regions for which data was available. In addition, both genes demonstrated significantly
greater expression in excitatory neurons than inhibitory neurons, potentially suggesting their importance in the function
of this class of neurons.

Using https://shield.nms.harvard.edu/index.html, we have checked the expression of ank2, tsc2 and akap9 in Spiral
ganglion neurons and they are expressed. It is difficult to assess quantitatively about expression throughout the auditory
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system as the Allen Brain ISH data are not annotated to include subregions, and not all auditory sub-nuclei are
categorized. However, visual inspection shows noticeably stronger expression of ank2 in the dorsal Inferior Colliculus.
Expression of tsc2 does not stand out relative to other non-auditory nuclei.

Interestingly, we have found a burden of rare variation in AKAP9, another gene previously associated with long-QT
syndrome*. AKAP9 encodes A-kinase anchor protein 9, a member of the A-kinase anchor protein family, whose known
function is binding to the protein kinase A (PKA) regulatory subunit with the objective of enclose it to different parts of
the cell where phosphorylation is needed®.

Our study also reveals a significant enrichment of rare variants in TSC2 gene in patients with MD-EP and severe tinnitus.
Tuberous Sclerosis Complex 2 (also known as TSC2 or Tuberin) is a known tumour suppressor protein part of the
tuberous sclerosis complex (TSC) along with TSC1. This complex is involved in the negative regulation of mMTORC1
activity. Loss of tuberin function causes constitutive activation of the mTORC1 signalling pathway leading to tuberous
sclerosis tumours *. The regulation of the Mtorc1 pathway via the TSC complex has been found to be a key part in some
age-associated diseases, including age-related hearing loss. Finally, we found highly significant co-expression of ank2
and tsc2 across the mouse brain, potentially suggesting they are expressed in similar neuronal subtypes. Mouse brain co-
expression of ank2 and tsc2 was particularly strong in limbic brain regions (i.e. the hypothalamus, epithalamus, striatum,
pallidum and hippocampus), that form a complex circuit distributed across the brain. In addition, strong expression was
found across cortex particularly in cortical layers generally associated with cortical projections (i.e. layers 2/3, 5 and 6).

Limitations

Our study has several limitations. The EP strategy is not a representative of complete phenotypic variance observed in
MD. Secondly, most of our MD patients were females and future genetic studies should consider gender differences in
tinnitus. The third limitation of the study is that other neural pathways not related to synapses may be implicated in
tinnitus. Our extreme phenotype approach will be extended to investigate these pathways in future studies. Finally, indel
analysis is highly dependent on the callers and annotation tools and most of the indels in our dataset were not found in
either the gnomAD population database or the CSVS database.

Our study reveals a burden of rare variants in SG, including ANK2, AKAP9 and TSC2 in patients with severe tinnitus and
predicts the involvement of ANK2 in the cytoskeleton re-organization in the axon initial segment. We thus propose that
axonal branching is a likely mechanism to enhance connectivity in auditory and non-auditory brain regions ultimately
leading to severe tinnitus.

Data sharing

Clinical and genomic data from each individual are protected according to EU regulation on data protection. Aggregated, anonymized genomic datasets
will be shared upon request according to consortium agreement regulations defined by H2020 MSCA-ITN-2016-722046, the H2020-SC1-2019-
848261, and the GNP-182 GENDER-Net Co-Plus Fund.
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Fig. 1 Gene ontology (GO) and gene-set enrichment analysis
This analyses were performed using 55 genes obtained in the gene burden analysis of MD-EP and GSEA tool was used to obtained molecular

pathways and biological processes.
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Fig. 2 Brain wide expression profiles of Ank2 and Tsc2 in the mouse brain taken from in-situ hybridization data from the Allen Brain Atlas
data set (http://www.brain-map.org).
Sagittal sections of expression in the adult mouse (P56) brain for both a) Ank2 and B) Tsc2. Strong expression for both genes is found in a number of

brain regions, including: CTX = Cortex, HC = Hippocampus, CB = Cerebellum, MH = Medial habenula, TT = Taenia tecta. Coronal sections (c and d,

left panels) were taken from Allen Brain Atlas in a pre-rendered to fit an annotated format (c and d, right panels) allowing easy identification
expression in different brain regions. This was used to identify brain regions demonstrating strongest expression (e and f, see text for details). PA =

piriform area, MA = magnocellular nucleus, EPI = epithalamus, DG = dentate gyrus, AVPV = anteroventral periventricular nucleus, OT = olfactory
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tubercle, PS = parastrial nucleus, TT = tenia tecta, AVP = anteroventral preoptic nucleus, STVr = Striatum, ventral region, BAC = bed nucleus of the
anterior commissure, PALv = pallidum, ventral region, BST = bed nuclei of the stria terminalis, LS = lateral septal nucleus, MPN = medial preoptic
nucleus, LSX = lateral septal complex, CTX = cortex, AOB = accessory olfactory bulb, PMv = ventral premammillary nucleus, TRN = tegmental
reticular nucleus, PP = peripeduncular nucleus, NLOT = nucleus of the lateral olfactory tract, ARH = arcuate hypothalamic nucleus, PP =

peripenducular nucleus, TR = postpiriform transition area, RHP = retrohippocampal region, PPY = Parapyramidal nucleus.
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Fig. 3 Significant brain wide co-expression of Ank2 and Tsc2 was found in the mouse brain (see text).

a) Mean across-section (sagittal, coronal and axial planes) co-expression of Ank2 and Tsc2. Colorbar indicates strong coexpression in yellow. b) Mean
coexpression in 209 brain regions was calculated and ranked revealing the top 20 brain regions where Ank2 and Tsc2 were co-expressed. Coronal
sections revealing layer specific Ank2 expression in the cortex (c, left panel), mean expression for each cortical layer (across the whole brain) was
calculated (c, right panel) revealing strongest expression in layers 2/3, 5 and 6a. Coronal sections revealing layer specific Tsc2 expression in the cortex
(d, left panel), mean expression for each cortical layer (across the whole brain) was calculated (d, right panel) revealing strongest expression in layers
2/3,5 and 6a.
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Tables

Gene svariants gnomAD.v2 EF Corrected gnomAD.v3 EF Corrected p
OR(CI) P OR(CI)
PRUNE2 9 6.02(3.60-10.07) 0.83 1.44E-08 5.89(3.52-9.85) 0.83 2.75E-08
AKAP9 6 12.32(5.48-27.68) 0.92 2.2E-06 13.89(6.17-31.27) 0.93 4.04E-07 €
SORBS1 6 10.93(4.87-24.55) 0.91 1.31E-05 11.52(5.12-25.93) 0.91 6.57E-06 y
ITGAX 5 73.02(29.68-179.66) 0.99 <1.00E-15 61.68(24.88-152.94) 0.98 <1.00E-15 1
ANK2 4 18.30(6.78-49.40) 0.95 1.80E-05 19.95(7.36-54.08) 0.95 7.55E-06 2
KIF208 4 7.76(3.45-17.49) 0.87 1.42E-03 8.43(3.74-19.01) 0.88 5.27E-04 1
7SC2 4 63.73(23.35-173.96) 0.98 8.38E-13 53.56(19.47-147.30) 0.98 2.35E-11 2
SPHK2 4 5.47(2.25-13.28) 0.82 NS 5.51(2.27-13.39) 0.82 NS :
SYNPO 4 74.87(27.35-204.94) 0.99 <1.00E-15 78.43(28.21-218.03) 0.99 <1.00E-15 3
LRPPRC 4 49.75(18.29-135.32) 0.98 3.73E-11 73.20(26.39-203.03) 0.99 4.19E-13 2
XYLT1 4 2.00(0.74-5.38) 0.50 NS 2.09(0.78-5.61) 0.52 NS 1
ALCAM 3 8.22(2.62-25.81) 0.88 NS 9.48(3.01-29.81) 0.89 NS 2
CDH13 3 12.15(4.50-32.85) 0.92 1.60E-03 13.09(4.83-35.46) 0.92 8.05E-04 3:
bockz 3 52.57(16.54-167.10) 0.98 3.53E-08 70.09(21.61-227.27) 0.99 2.71E-09 2
BIN1 3 56.70(17.82-180.42) 0.98 1.53E-08 73.20(22.54-237.74) 0.99 1.72E-09 49
FLi 3 26.77(8.48-84.44) 0.96 3.87E-05 33.95(10.66-108.12) 0.97 4.64E-06 2
HSPA4L 3 17.41(5.53-54.77) 0.94 1.95E-03 16.71(5.29-52.75) 0.94 2.98E-03 1
1QSEC1 3 32.85(10.39-103.82) 0.97 5.12E-06 30.49(9.59-96.94) 0.97 1.32E-05 2
IQSEC3 3 4.16(1.33-13.04) 0.76 NS 4.47(1.43-14.03) 0.78 NS 1
LiGlL1 3 27.29(10.06-74.03) 0.96 1.57E-07 25.08(9.21-68.31) 0.96 5.53E-07 1
MADD 3 128.54(39.58-417.46) 0.99 1.26E-12 73.20(22.54-237.74) 0.99 1.72E-09 49
MmBP 3 170.13(51.78-559.02) 0.99 <1.00E-15 82.35(25.24-268.68) 0.99 4,99E-10 1
MPRIP 3 82.62(25.77-264.88) 0.99 2.10E-10 78.43(24.09-255.39) 0.99 8.32E-10 49
NRCAM 3 69.68(21.82-222.56) 0.99 1.49E-09 50.67(15.78-162.74) 0.98 8.07E-08 49
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169.90(58.69-491.88)
16.97(5.37-53.37)
127.78(38.15-427.99)
8.37(3.08-22.75)

8.69(3.20-23.64)

0.91

0.99

0.99

0.94

0.99

0.88

0.88

NS

1.07E-09

<1.00E-15

2.62E-03

7.12E-12

NS

4.28E-02

1

1

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by number

Table 1: List of synaptic genes showing enrichment of missense variants in Spanish patients with Meniere disease (MD) ar
reference datasets (Non-Finnish European from gnomAD.v2 or gnomAD.v3, Spanish from CSVS) were used to compar

MD cohort. Listed genes were significant when they were compared against CSVS refere






Gene #Variants [gngr;a:ll)).VZ] EF Corrected p [gngn;a:lla).ﬁ] EF Corrected p
Non selected Tinnitus (N=97)
ANK2 8 3.20(1.92-5.33) 0.69 6.25E-05 3.28(1.97-5.47) 0.70 4.08E-05 2.¢
MYO18A 5 5.99(2.84-12.64) 0.83 1.34E-05 5.94(2.81-12.57) 0.83 1.61E-05 6.6
MADD 4 4.99(2.23-11.17) 0.80 3.78E-04 4.78(2.13-10.73) 0.79 6.04E-04 3.8
KIF20B 4 4.99(2.06-12.06) 0.80 1.45E-03 4.89(2.02-11.87) 0.80 1.77E-03 3.7
MPRIP 3 35.36(11-113.70) 0.97 6.53E-09 28.77(8.82-93.82) 0.97 7.60E-08 15.F
MBP 2 12.95(3.18-52.76) 0.92 7.04E-04 35.34(8.20-152.23) 0.97 3.43E-06 10.:
NRCAM 2 47.15(11.13-199.77) 0.98 3.37E-07 111.91(22.52-556.20) 0.99 1.62E-08 20.7
Severe tinnitus (N=34)
AKAP9 3 4.93(2.03-12) 0.80 1.29E-03 5.80(2.38-14.12) 0.83 3.20E-04 3.3
T5C2 2 13.92(4.41-43.93) 0.93 1.4E-05 10.97(3.47-34.66) 0.91 9.02E-05 12.¢
ANK2 2 11.51(3.65-36.28) 0.91 6.06E-05 13.20(4.17-41.78) 0.92 2.26E-05 4.7

OR (ClI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are «

Table 2: Swedish Tinnitus replication cohort, Synaptic genes showing an enrichment of missense rare variants in Swedish |

diagnosis of MD
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Supplementary Table 1 Clinical profile of 30 Spanish patients with Meniere disease and tinnitus extreme

phenotype (MD-EP)

Diagnosis of

Age at Familial T‘ype‘of High blood Type 2 autoimmune HADS Others
No. Sex THI score migraine . R score
onset MD pressure diabetes disease
1 X 34 76 Yes MA - - - 31 -
2 X 33 98 - MA - - - 34 A'ﬂ;ms'
3 X 40 76 - MA Yes - - 21 -
4 X 31 82 - MA - - - 28 -
5 X 41 78 - - - - - 27 Arﬂ;ms'
6 X 22 76 - MO Yes - - 23 -
7 X 56 82 - - - - - 20 -
8 X 14 80 - - - - - 34 Asthma
Anxiety
9 X 25 76 - MA Yes Yes - NA Arthrosi
s
Arthrosi
Yes
10 X 20 86 Yes - - - 27 sAsthm
a
11 X 55 86 - - Yes - - NA A”st'
12 X 35 82 - - NA NA - NA -
13 X 38 76 - - NA NA NA NA -
14 X 50 88 - - - - - 17 -
15 X 37 96 - - - - - 31 -
16 X 40 82 Yes - - Yes - NA -
17 X 31 80 - - - - - NA -
- Asthma,
18 X 33 90 Yes MA - Hyp°t:]yr°'d's NA seasona
| allergy
Asthma,
19 X 22 95 - MO - - - 24 seasona
| allergy
20 Y 29 78 - - Yes - - 30 -
21 Y 35 88 - - - - Psoriasis 16 -
Asthma,
22 Y 25 84 - - - - - NA seasona
| allergy
23 Y 57 90 - - - - - 21 -
24 Y 36 82 - - - - - 23 -
25 Y 31 94 Yes - Yes - - 10 _
26 Y 49 82 - - - - - 26 -
27 X 20 96 - MO - - - 15 -
28 X 46 88 - - - - - 18 -
29 X 54 76 - - Yes - - 28 -
30 X 40 90 Yes - Yes - - 32 -

THI= Tinnitus handicap inventory, MA=migraine with aura, MO= migraine without aura, HADS=Hospital anxiety and depression scale,

NA= data not available
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Supplementary Table 2 Clinical profile of 29 Spanish patients with Meniere disease and tinnitus almost
extreme phenotype (MD-AEP)

- . Diagnosis of
Sex Age at THI Familial Type.of High blood '!'ype 2 autoimmune HADS Others
onset score MD migraine pressure diabetes L score
disease
X 40 74 - MO Yes - Psoriasis 14 -
v 50 68 ) ) ) ) Spon.dylltls,. . 20 AnX|ety,
ulcerative colitis depression
X 31 64 - - - - Vitiligo NA Artrosis
4 Y 53 72 - - Yes - - NA -
5 X 45 60 - - Yes - - 4 Headache
6 X 22 70 - - - - - NA -
Hypothryrodism
7 X 31 70 - - Yes Yes Rheumatoid NA -
arthritis
3 X 33 70 ) MA Yes ) Antiphospholipid 18 )
syndrome
9 X 39 60 - - - - - 17 -
10 Y 58 60 - MO - - - 18 -
11 X 29 66 - MA Yes - - NA Arthrosis
12 Y 39 72 - - - - - NA -
13 X 57 70 - NA NA NA NA NA -
14 X 33 62 - - - - Celico 13 -
15 X 42 68 Yes - Yes - - 12 -
16 X 42 72 Yes - - - - 8 -
17 X 41 66 Yes - Yes Yes - 25 -
18 X 15 62 Yes - - - - 11 -
19 X 48 64 - - - - - NA Arthrosis
20 X 51 72 - - Yes - - NA -
21 Y 24 58 - - - - - NA -
22 X 39 72 - MA - - Spondylitis NA -
23 Y 33 56 - - - - Psoriasis 2 -
24 X 45 56 - - - - Spondylitis NA Arthrosis
25 Y 47 74 - MO Yes Yes - 27 -
26 X 56 74 - - - - - 22 -
27 Y 30 74 - - - - - 26 -
28 Y 21 74 - - - - - NA -
29 Y 48 74 Yes - - - - 10 -

THI= Tinnitus handicap inventory, MA=migraine with aura, MO= migraine without aura, HADS=Hospital anxiety and depression scale, NA=

data not available
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Supplementary Table 3 Clinical profile of 97 Swedish individuals with tinnitus from STOP cohort

Under
. treatment
No. Age Sex THI F!earmg Headaches Vertigo ™I Ne'ck Oth.er for
score disorder pain pain .
psychiatric
disorder
1 53 Y 14 Yes - - - - Yes -
2 54 Y 18 Yes - - - - - -
3 69 X 24 NA Yes NA - Yes Yes -
4 51 Y 24 Yes - - - - - -
5 68 X 28 Yes - - - - - -
6 50 X 28 NA - NA NA NA - -
7 43 X 28 NA Yes Yes NA Yes - Yes
8 63 X 30 Yes Yes - - - Yes -
9 35 Y 30 Yes - Yes Yes Yes - -
10 37 Y 32 Yes - Yes - - - -
11 52 Y 32 Yes - - - - - -
12 39 X 32 Yes - - - Yes Yes -
13 60 X 32 NA Yes Yes NA Yes - -
14 77 X 34 Yes - - - - - -
15 53 Y 34 - Yes - - - - -
16 41 Y 34 Yes - - - - - Yes
17 47 Y 34 Yes - - - - - -
18 47 X 36 Yes - Yes - - - -
19 39 X 36 Yes Yes Yes Yes Yes Yes -
20 41 Y 36 - - - - - - Yes
21 37 Y 36 Yes - - - NA - -
22 45 X 38 Yes Yes - - Yes Yes -
23 48 X 38 NA Yes Yes - Yes Yes Yes
24 34 X 38 - Yes Yes NA Yes Yes Yes
25 66 X 40 Yes - - - - - -
26 54 Y 40 Yes - - - - Yes -
27 70 Y 40 Yes - - - - - -
28 77 Y 40 Yes - - - - - -
29 48 X 42 - Yes Yes Yes Yes Yes -
30 48 X 42 Yes - - - - - -
31 39 X 42 Yes - - - - - Yes
32 33 Y 42 - Yes Yes Yes Yes Yes -
33 49 Y 42 Yes - - - Yes Yes -
34 32 X 42 Yes Yes - - Yes Yes -
35 51 Y 42 NA - - Yes - - Yes
36 59 X 44 Yes - - - - - -
37 49 X 44 NA Yes Yes Yes Yes Yes -
38 72 X 46 Yes - Yes - - - -
39 52 X 48 Yes - Yes Yes Yes Yes -
40 35 X 48 NA Yes - - Yes - -
41 33 Y 48 NA - - Yes - Yes -
42 52 X 48 - - - - Yes - -
43 58 Y 48 Yes - - - - Yes -
44 30 X 50 Yes Yes NA Yes Yes Yes -
45 48 X 50 NA Yes Yes Yes Yes NA -
46 32 Y 50 - - - Yes - - -
47 33 X 50 Yes Yes Yes - - - -
48 54 X 52 NA - Yes NA Yes Yes Yes
49 77 X 52 NA - Yes - - - -
50 63 X 52 Yes - NA Yes - Yes Yes
51 37 Y 52 Yes - - - Yes - -
52 52 Y 52 Yes Yes Yes - - Yes -
53 77 Y 52 Yes - - - NA - -
54 79 X 52 Yes - - - - - -
55 56 Y 54 Yes - Yes - - Yes -
56 58 X 54 NA - Yes - - - -
57 60 X 54 NA Yes Yes Yes Yes Yes -
58 50 Y 54 NA - - - - Yes -
59 72 X 54 Yes - - - Yes Yes -
60 43 X 56 - Yes Yes - - - -
61 57 X 56 Yes - NA NA Yes - -
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62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

30
37
53
35
52
29
52
78
48
52
52
40
39
37
32
66
35
50
37
67
31
58
53
56
50
40
32
61
52
30
37
35
33
29
27
55

56
56
58
58
58
58
60
60
60
60
62
64
66
68
68
68
68
70
70
70
72
72
72
72
76
78
78
82
82
82
86
88
88
90
92
96

X <X < <<XX<XX<XXXX <X << <X <<XX<<<<XX<<X=<X-=<H<<

>

Yes
Yes
Yes
Yes
NA
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
NA
NA
Yes
Yes

Yes
NA

NA
Yes
Yes
Yes
NA

Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes

Yes

NA
Yes
Yes

THI= Tinnitus handicap inventory, TMJ=Temporo-mandibular joint dysfunction, NA= data not available
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Supplementary Table 4 Synaptic genes showing enrichment of missense variants in Spanish patients with MD and tinnitus almos

reference datasets (Non-Finnish European from gnomAD.v2 or gnomAD.v3, Spanish from CSVS) were used to compare allelic frec

Listed genes were significant when they were compared against CSVS reference dataset

Gene #Variants gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(CI)

ITGAX 5 65.65(28.87-149.28) 0.98 <1.00E-15 65.79(28.66-151.06) 0.98 <1.00E-15
KIAA1549 5 10.18(4.19-24.69) 0.90 5.46E-04 11.82(4.86-28.76) 0.92 9.62E-05
GOLGB1 4 41.14(15.16-111.66) 0.98 5.60E-10 41.32(15.11-113.01) 0.98 7.87E-10
GPR158 4 13.80(5.12-37.20) 0.93 4.06E-04 14.70(5.44-39.75) 0.93 2.24E-04
WEFS1 4 10.77(4-29.02) 0.91 4.90E-03 12.51(4.63-33.80) 0.92 1.19E-03
WNK1 4 21.10(7.81-57.01) 0.95 3.40E-06 17.88(6.60-48.43) 0.94 2.63E-05
PPFIAL 4 92.82(33.78-255.07) 0.99 <1.00E-15 85.78(30.79-238.97) 0.99 <1.00E-15
RIN1 4 35(12.91-94.86) 0.97 5.22E-09 30.50(11.20-83.04) 0.97 4.25E-08
TAOK2 4 27.05(10-73.16) 0.96 1.57E-07 21.95(8.09-59.54) 0.95 2.46E-06
CAD 3 6.07(1.94-19.05) 0.84 NS 5.86(1.87-18.41) 0.83 NS
FASN 3 7.09(2.26-22.26) 0.86 NS 7.19(2.29-22.60) 0.86 NS
KIFSA 3 27.83(8.82-87.84) 0.96 2.65E-05 27.71(8.73-87.96) 0.96 3.27E-05
ANK1 3 30.85(9.77-97.44) 0.97 9.63E-06 25.06(7.90-79.44) 0.96 8.39E-05
Lmoz 3 35.35(13.01-96.10) 0.97 5.24E-09 47.13(17.14-129.56) 0.98 1.54E-10
myo1c 3 12.78(4.73-34.56) 0.92 9.65E-04 11.92(4.40-32.29) 0.92 2.06E-03
PLXNAZ 3 99.12(35.92-273.54) 0.99 <1.00E-15 120.34(42.48-340.89) 0.99 <1.00E-15
PTPRS 3 16.95(5.39-53.32) 0.94 2.46E-03 17.75(5.62-56.06) 0.94 1.80E-03
RYR2 3 153.52(46.99-501.54) 0.99 <1.00E-15 106.56(32.32-351.29) 0.99 3.22E-11
SPHK2 3 6.09(2.50-14.84) 0.84 NS 6.35(2.60-15.50) 0.84 NS
TRAP1 3 42.75(13.49-135.49) 0.98 3.31E-07 32.77(10.30-104.30) 0.97 6.50E-06



UNC13A 3 18.75(5.96-59.03) 0.95 1.03E-03 11.16(3.55-35.15) 0.91 NS
ST14 2 60.38(18.87-193.23) 0.98 9.15E-09 61.41(18.94-199.08) 0.98 1.28E-08

CRMP1 2 3.34(1.75-6.39) 0.70 NS 3.56(1.86-6.81) 0.72 NS

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Supplementary Table 5 Synaptic genes showing enrichment of synonymous variants in Spanish patients with MD and tinnitus e

were significant when they were compared against CSVS reference dataset

Gene #tvariants gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(CI)
SYNJ2 5 3.44(1.70-6.95) 0.71 NS 3.39(1.68-6.85) 0.70 NS
BRSK2 5 6.02(2.48-14.58) 0.83 1.34E-01 6.60(2.72-16.01) 0.85 NS
TLN1 5 4.42(1.82-10.71) 0.77 NS 4.44(1.83-10.76) 0.77 NS
pC 4 233.72(82.15-664.89) 0.99 <1.00E-15 141.70(49.63-404.55) 0.99 <1.00E-15
CRIP2 4 46.17(16.99-125.48) 0.98 1.09E-10 42.63(15.58-116.70) 0.98 5.26E-10
RiMBP2 4 26.73(10.96-65.20) 0.96 9.71E-10 25.51(10.42-62.48) 0.96 2.58E-09
FGD4 4 32.25(13.21-78.78) 0.97 4.65E-11 26.36(10.76-64.60) 0.96 1.56E-09
HGS 4 7.60(2.82-20.45) 0.87 NS 7.87(2.92-21.22) 0.87 NS
IARS 4 35.69(13.17-96.75) 0.97 4.00E-09 35.70(13.08-97.42) 0.97 5.58E-09
lQsecz 3 22.66(8.36-61.39) 0.96 1.59E-06 25.37(9.31-69.11) 0.96 4.81E-07
AP3D1 3 525.88(145.47-1901.09) 0.9 <1.00E-15 366.07(98.29-1363.47) 0.99 <1.00E-15
MYH14 3 10.58(3.37-33.22) 0.91 NS 9.40(2.99-29.56) 0.89 NS
HTT 3 74.15(23.19-237.13) 0.99 7.31E-10 8.45(2.69-26.58) 0.88 NS
SBF1 3 11.28(3.59-35.43) 0.91 NS 11(3.50-34.64) 0.91 NS
bpP3 3 12.53(3.99-39.37) 0.92 2.83E-02 11.11(3.53-34.99) 0.91 NS
SYNM 3 152.22(46.56-497.67) 0.99 <1.00E-15 106.27(32.19-350.79) 0.99 3.56E-11
UNC13A 3 15.37(4.89-48.32) 0.93 5.56E-03 13.32(4.23-41.99) 0.92 1.85E-02
KIAA1217 2 9.96(3.67-27.05) 0.90 1.23E-02 10.12(3.72-27.55) 0.90 1.10E-02
LLGL1 2 97.21(30.06-314.36) 0.99 3.98E-11 237.33(67.31-836.75) 0.99 <1.00E-15
SLC25A3 2 25.56(8.07-81.01) 0.96 6.84E-05 23.21(7.29-73.87) 0.96 1.91E-04

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Supplementary Table 6 Synaptic genes showing enrichment of 5°UTR variants in Spanish patients with Meniere disease and tin
genes were significant when they were compared against CSVS reference datas

Gene #Variants [gnc(;n;a:ll)).vz] EF Corrected p [gnc())mRa:Il)).vE;] EF Corrected p E;::::
TUBB3 5 62.28(23.33-166.26) 0.98 4.19E-13 59.67(24.09-147.84) 0.98 <1.00E-15 20.56(7.4¢
ACTG1 4 261.61(65.04-1052.23)  0.99 8.38E-12 3991'32;?%26_ 0.99 <1.00E-15 32.90(9.84
DPYSL2 4 7.18(3.99-12.93) 0.86 9.20E-08 6.85(3.83-12.26) 0.85 1.74€-07 6.34(3.46

RTN4 3 49.04(14.16-169.79) 0.98 1.53E-06 39.21(12.28-125.20) 0.97 1.11E-06 24.67(6.4¢

TRIO 3 31.38(9.39-104.87) 0.97 4.10E-05 23.69(7.48-75.05) 0.96 1.41E-04 49.36(10.9°
MYO1D 2 43.95(12.77-151.23) 0.98 3.71E-06 34.23(10.70-109.55) 0.97 4.95E-06 24.87(6.5:
PDE4D 2 15.75(6.27-39.53) 0.94 8.18E-06 11.41(4.64-28.05) 0.91 2.15E-04 10.85(4.1!
RPLP1 2 27.27(8.19-90.77) 0.96 1.34E-04 41(12.77-131.64) 0.98 8.28E-07 24.87(6.5:
SEPT2 2 16.13(4.96-52.48) 0.94 7.25E-03 12.80(4.04-40.54) 0.92 2.73E-02 16.57(4.6:

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Supplementary Table 7 Synaptic genes showing enrichment of synonymous variants in Spanish patients with MD and tinnitus al\
genes were significant when they were compared against CSVS reference datas

Gene #variants gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(CI)
PTPRS 6 5.19(2.31-11.65) 0.81 NS 5.11(2.27-11.47) 0.80 NS
KALRN 5 38.66(15.84-94.39) 0.97 2.09E-12 44.39(18.03-109.29) 0.98 4.19E-13
AGAP1 4 14.96(6.15-36.41) 0.93 4.69E-06 14.43(5.92-35.20) 0.93 8.32E-06 |
PIP5K1IC 4 130.87(47.19-362.89) 0.99 <1.0E-15 137.78(48.42-392.07) 0.99 <1.00E-15 1
5¢2 4 34.69(12.80-94.03) 0.97 5.88E-09 49.41(18.01-135.58) 0.98 6.91E-11 1
PKP4 4 5.41(2.40-12.17) 0.82 NS 5.24(2.33-11.81) 0.81 NS |
ANK2 4 133.05(47.96-369.12) 0.99 <1.00E-15 108.25(38.50-304.37) 0.99 <1.00E-15 1
REV3L 4 70.64(25.84-193.09) 0.99 0<1.00E-15  101.03(36.04-283.24) 0.99 <1.00E-15 1
SHANK3 4 8.79(3.62-21.37) 0.89 3.02E-03 8.52(3.50-20.75) 0.88 4.39E-03 1
FARP1 3 105.03(32.58-338.63) 0.99 1.26E-11 106.56(32.32-351.29) 0.99 3.22E-11 :
AKAP9 3 99.78(30.99-321.24) 0.99 2.26E-11 136.40(40.80-456.01) 0.99 2.51E-12 :
PLXNA3 3 126.19(50.49-315.40) 0.99 <1.00E-15 112.74(44.45-285.97) 0.99 <1.00E-15 8¢
PRUNE2 3 19.24(6.11-60.56) 0.95 8.20E-04 19.14(6.06-60.51) 0.95 9.39E-04 51
RIMBP2 3 16.85(5.36-53.01) 0.94 2.58E-03 15.92(5.04-50.24) 0.94 4.46E-03 1
ROCK1 3 171.07(52.11-561.52) 0.99 <1.00E-15  227.34(65.22-792.44) 0.99 <1.00E-15 y
VCPIP1 3 88.04(27.43-282.52) 0.99 9.80E-11 126.29(37.96-420.24) 0.99 5.86E-12 51
SCN1A 2 14.85(5.46-40.40) 0.93 2.39E-04 12.51(4.59-34.09) 0.92 1.48E-03 1
SLC2A1 2 54.87(19.98-150.70) 0.98 1.47E-11 42.04(15.24-115.97) 0.98 9.70E-10 |
KEL 2 33.97(12.43-92.83) 0.97 1.19E-08 34(12.36-93.47) 0.97 1.56E-08 1
CASK 2 183.03(55.34-605.39) 0.99 <1.00E-15  181.06(52.84-620.41) 0.99 4.19E-13 :
CAD 2 54.87(19.98-150.70) 0.98 1.47E-11 79.76(28.48-223.43) 0.99 <1.00E-15 34

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Supplementary Table 8 Rare missense variants found in the gene burden analysis for ANK2 gene in Spanish

patients with MD and tinnitus extreme phenotype (MD-EP) and Swedish patients with severe tinnitus.

Spanish MD-EP cohort (N=30)

Pos

Exon

rsiD

MAF
(MD-EP)

MAF NFE

gnomAD.v2 gnomAD.v3

MAF.
CSVS

CADD

ACMG

Amino acid
change

4:114262911:A>G

4:114277102:T>G

4:114294509:G>C

4:114294537:G>A

33

38

45

45

rs45454496

Swedish tinnitus cohort (N=97)

Pos

Exon

rsiD

0.0167

0.0167

0.0167

0.0167

MAF
(Swedish cohort)

0.0037 0.0034

MAF NFE

gnomAD.v2 gnomAD.v3

0.003

MAF.
SweGen

23.2

24.1

25.7

254

CADD

VUS
(PS4,PM2,BP
1
VUS
(PS4,PM2,PP
3,BP1)
VUS
(PS4,PM2,PP
3,BP1)
Benign
(PP3,PP5,BS
1,BS2,BP1,B
P6)

ACMG

11321V

L2443R

Q3921H

E3931K

Amino acid
change

4:114275980:G>A

4:114276906:G>A

4:114277914:G>A

4:114278016:C>A

4:114278128:C>T

4:114279628:T>C

4:114294462:C>T

4:114294537:G>A

38

38

38

38

38

38

45

45

rs149645600

rs141191319

1753223319

15764914059

1rs145895389

1s36210417

rs121912706

545454496

0.0052

0.0206

0.0052

0.0052

0.0052

0.0258

0.0052

0.0052

Swedish severe tinnitus cohort (N=34)

Pos

4:114276906:G>A

4:114278016:C>A

Exon

38

38

rsiD

rs141191319

rs764914059

MAF
(Swedish cohort)

0.0294

0.0147

0.0013 0.00113

0.0039 0.0034

2.65E-05 -

8.95E-06 -

0.003 0.0031

0.0107 0.0110

0.0017 0.0016

0.0037 0.0034

MAF NFE

gnomAD.v2 gnomAD.v3

0.0039 0.0034

8.95E-06 -

0.001

0.0095

0.0035

0.0065

0.003

0.004

MAF.
SweGen

0.0095

23.1

791

12.84

9.27

25

35

254

CADD

9.27

Benign
(BS1,BS2,BP
4,BP1,BP4,B

P6)

Benign
(BS1,BS2,BP

4,BP1,BP4)

Benign
(PS4,BS1,BS
2,BP4,BP1,B

P4)
Likely benign
(PS4,PM2,BP

1,BP4)

Benign
(BS1,BS2,BP
4,BP1,BP4,B

P6)

Benign
(PP3,BS1,BS

2,BP1,BP6)

Benign
(PP3,PP5,BS

1,BS2,BP1)

Benign
(PP3,PP5,BS

1,BS2,BP1)

ACMG

Benign
(BS1,BS2,BP
4,BP1,BP4)
Likely benign
(PS4,PM2,BP
1,BP4)

R2069H

E2378K

V27141

H2748N

S2785L

13285T

R3906W

E3931K

Amino acid
change

E2378K

H2748N

VUS= Variant of uncertain significance
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Supplementary Table 9 Synaptic genes showing enrichment of missense variants with CADD>20 in Spanish patients with MD a
Listed genes were significant when they were compared against CSVS reference da

gnomAD.v2 gnomAD.v3
Gene #variants EF Corrected p EF Corrected p
OR(CI) OR(CI)
ANK2 4 18.30(6.78-49.40) 0.95 1.80E-05 19.95(7.36-54.08) 0.95 7.55E-06 21.€
SPTB 4 23.36(8.64-63.12) 0.96 9.86E-07 25.23(9.29-68.54) 0.96 4.60E-07 10.6
ARHGAP23 3 11.28(3.59-35.43) 0.91 NS 7.57(2.41-23.80) 0.87 NS 24.€
BIN1 3 56.70(17.83-180.42) 0.98 1.53E-08 73.20(22.54-237.74) 0.99 1.72E-09 49.3¢€
FLII 3 26.77(8.48-84.44) 0.96 3.87E-05 33.95(10.66-108.12) 0.97 4.64E-06 24.€
TRAP1 3 13.72(4.37-43.13) 0.93 1.39E-02 11.27(3.58-35.47) 0.91 NS 24.€
T5C2 3 50.73(15.97-161.15) 0.98 5.22E-08 42.77(13.37-136.83) 0.98 4.60E-07 24.€
CCDC22 2 7.38(2.72-20.04) 0.86 NS 8.37(3.08-22.75) 0.88 NS 14.C
CDH13 2 19.69(6.22-62.27) 0.95 7.45E-04 21.28(6.69-67.65) 0.95 4.17E-04 49.77
FASN 2 8.94(2.83-28.18) 0.89 NS 7.20(2.28-22.73) 0.86 NS 16.5
MYO18A 2 153.51(46.73-504.26) 0.99 1.00E-15 127.78(38.15-427.99) 0.99 7.12E-12 24§

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Supplementary Table 10 Synaptic genes showing enrichment of missense variants with CADD>20 in Spanish patients with MD an
AEP). Listed genes were significant when they were compared against CSVS reference

gnomAD.v2 gnomAD.v3
Gene #variants EF Corrected p EF Corrected p
OR(CI) OR(cl)
DMD 3 8.04(3.30-19.61) 0.88 8.55E-03 7.49(3.07-18.28) 0.87 1.84E-02 28.
GOLGB1 3 30.85(9.77-97.44) 0.97 9.63E-06 30.99(9.75-98.52) 0.97 1.12E-05 25.°
MYOo1cC 3 12.78(4.73-34.56) 0.92 9.65E-04 11.92(4.40-32.29) 0.92 2.06E-03 13.€
PPFI A1 3 74.83(23.40-239.27) 0.99 6.46E-10 66.85(20.67-216.27) 0.99 4.31E-09 51.0¢
PTPRS 3 16.95(5.39-53.32) 0.94 2.46E-03 17.75(5.62-56.06) 0.94 1.80E-03 51.0¢
RYR2 3 153.52(46.99-501.54) 0.99 1.00E-15 106.56(32.32-351.29) 0.99 3.22E-11 17.C
TRAP1 3 42.75(13.49-135.49) 0.98 3.31E-07 32.77(10.30-104.30) 0.97 6.50E-06 17.C
CRMP1 2 3.34(1.75-6.39) 0.70 NS 3.56(1.86-6.81) 0.72 NS 5.2
OGDHL 2 105.95(32.70-343.29) 0.99 1.42E-11 64.89(19.98-210.70) 0.98 7.17€E-09 25.7
ST14 2 60.38(18.87-193.23) 0.98 9.15E-09 61.41(18.94-199.08) 0.98 1.28E-08 17.1

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Supplementary Table 11 Synaptic genes showing enrichment of indels in Spanish patients with MD and
tinnitus extreme phenotype (MD-EP). Listed genes were significant when they were compared against

gnomAD Non-Finnish European reference dataset

Gene #indels gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(cI)

GPSM1 6 8.90(4.37-18.15) 0.89 3.33E-06 6.08(3.01-12.29) 0.84 9.14E-04
SGTA 6 4.91(2.52-9.58) 0.80 5.65E-03 5.11(2.63-9.92) 0.80 2.77E-03
CACNA2D1 5 13.88(5.61-34.33) 0.93 2.37E-05 24.32(9.95-59.43) 0.96 4.77E-09
Tsc2 5 11.30(4.59-27.84) 0.91 2.58E-04 10.21(4.20-27.82) 0.90 5.57E-04
AAK1 4 9.50(3.48-25.95) 0.89 2.15E-02 14.01(5.18-37.87) 0.93 3.73E-04
MRAS 4 17.25(6.23-47.77) 0.94 7.95E-05 12.07(4.47-32.60) 0.92 1.71E-03
SIPAILI 4 11.94(5.22-27.32) 0.92 8.08E-06 11.07(4.90-25) 0.91 1.39E-05
WASL 4 86.34(27.93-266.86) 0.99 1.84E-11 56.76(20.63-156.15) 0.98 9.63E-12
PiP4Kk2A 3 26.29(7.97-86.71) 0.96 1.49E-04 20.18(6.38-63.82) 0.95 5.93E-04
PLXNA2 3 16.59(5.98-45.99) 0.94 1.28E-04 14.34(5.29-38.90) 0.93 3.17E-04
GSk3B 3 26.29(7.97-86.71) 0.96 1.49E-04 22.78(7.20-72.15) 0.96 2.00E-04
FARSA 3 23.37(7.13-76.64) 0.96 3.74E-04 18.20(5.76-57.51) 0.95 1.45E-03
AKAPS 3 33.66(10.06-112.57) 0.97 2.15E-05 55.21(17.17-177.49) 0.98 3.16E-08
ANXA11 3 33.66(10.06-112.57) 0.97 2.15E-05 30.45(9.58-96.78) 0.97 1.32E-05
SH3PXD2A 3 17.90(5.51-58.07) 0.94 2.95E-03 13.22(4.19-41.67) 0.92 1.97E-02
STK32C 3 22.14(6.77-72.43) 0.95 5.71E-04 18.58(5.88-58.73) 0.95 1.21E-03
AP1G1 2 62.35(13.32-291.88) 0.98 2.91E-04 61.99(14.77-260.12) 0.98 3.21E-05
AP2A2 2 40.08(9-178.42) 0.98 2.40E-03 22.64(5.52-92.88) 0.96 2.79E-02
ATF7IP 2 13.25(4.10-42.82) 0.92 2.98E-02 13.64(4.30-43.22) 0.93 1.70E-02
BAZ1B 2 56.11(12.15-259.06) 0.98 4.65E-04 52.34(12.54-218.44) 0.98 1.06E-04
CORO1C 2 52.90(21.71-128.88) 0.98 <1.00E-15  103.26(43.93-242.75) 0.99 1.00E-15
DNM3 2 46.76(10.34-211.37) 0.98 1.11E-03 33.17(8.04-136.91) 0.97 2.44E-03
HSPAI2A 2 112.24(21.55-584.75) 0.99 3.91E-05 196.34(43.43-887.54) 0.99 1.30E-08
ICA1 2 35.06(7.97-154.32) 0.97 4.79E-03 22.64(5.52-92.88) 0.96 2.79E-02
NDRG2 2 70.15(14.73-334.07) 0.99 1.77E-04 61.99(14.77-260.12) 0.98 3.21E-05
RGS8 2 10.33(4.15-25.72) 0.90 9.85E-04 8.86(3.60-21.79) 0.89 3.82E-03
SNAP47 2 47.18(13.70-162.48) 0.98 1.90E-06 26.20(8.22-83.52) 0.96 6.35E-05
SNX5 2 28.05(6.48-121.45) 0.96 1.56E-02 43.62(10.50-181.12) 0.98 3.81E-04
TAOK2 2 62.35(13.32-291.88) 0.98 2.91E-04 94.23(22.05-402.69) 0.99 1.61E-06
TRAP1 2 280.64(39.18-2010.18) 0.99 3.78E-05  235.61(51.03-1087.74)  0.99 4.87E-09
TUBB2A 2 190.53(53.02-684.73) 0.99 1.68E-12 92.27(32.80-259.57) 0.99 <1.00E-15

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are

ordered by number of indels
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Supplementary Table 12 Synaptic genes showing enrichment of indels in Spanish patients with MD and

tinnitus almost extreme phenotype (MD-AEP). Listed genes were significant when they were compared against

gnomAD Non-Finnish European reference dataset

Gene #indels gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(CI)
RYR2 6 6.30(2.95-13.42) 0.84 3.62E-03 5.34(2.52-11.33) 0.81 2.39E-02
T5¢C2 4 39.86(14.04-113.21) 0.97 8.49E-09 36.07(13.232-98.33) 0.97 4.58E-09
ANK2 4 9.81(3.59-26.79) 0.90 1.58E-02 11.18(4.13-30.24) 0.91 3.73E-03
SFXN5 3 71.77(20.53-250.91) 0.99 4.14E-08 88.62(27.31-287.58) 0.99 1.55E-10
BRSK1 3 119.64(32.02-446.97) 0.99 2.11E-09 54.44(16.99-174.50) 0.98 3.28E-08
ENAH 3 153.82(39.34-601.44) 0.99 8.54E-10 71.74(22.24-231.37) 0.99 1.61E-09
EPB4112 3 28.32(8.63-92.90) 0.96 6.55E-05 21.82(6.89-69.09) 0.95 3.01E-04
GRIP1 3 89.72(25.02-321.70) 0.99 9.66E-09 113.00(34.52-369.91) 0.99 1.05E-11
HSPA9 3 215.36(50.93-910.60) 0.99 5.29E-10 188.34(56.02-633.25) 0.99 <1.00E-15
JUP 3 8.79(3.21-24.07) 0.89 4.38E-02 10.23(3.77-27.77) 0.90 9.43E-03
VPS8 3 23.91(7.34-77.92) 0.96 2.63E-04 29.14(9.18-92.54) 0.97 2.01E-05
AARS 2 29.89(6.96-128.45) 0.97 9.31E-03 65.50(15.65-274.08) 0.98 1.94E-05
ACTR2 2 65.25(14.25-298.75) 0.98 1.39E-04 66.95(15.99-280.35) 0.99 1.65E-05
ANXA6 2 358.95(49.99-2577.53) 0.99 9.32E-06 376.71(78.85-1799.65) 0.99 1.99E-10
ATP2A1 2 47.84(10.78-212.39) 0.98 6.89E-04 34.62(8.39-142.88) 0.97 1.80E-03
ATP6V1C2 2 119.64(23.81-601.07) 0.99 1.18E-05 502.29(99.98-2523.52) 0.99 8.12E-11
BASP1 2 71.77(15.50-332.42) 0.99 8.77E-05 47.07(11.34-195.35) 0.98 2.13E-04
BIN1 2 39.86(9.11-174.44) 0.97 1.87E-03 42.43(10.24-175.72) 0.98 4.44E-04
CSNK2A1 2 27.59(6.45-118.06) 0.96 1.46E-02 35.86(8.68-148.07) 0.97 1.42E-03
DAAM1 2 24.73(5.81-105.28) 0.96 2.67E-02 25.74(6.26-105.80) 0.96 1.26E-02
DNM1L 2 23.91(5.63-101.61) 0.96 3.22E-02 23.16(5.64-95.10) 0.96 2.45E-02
DOCK9 2 79.75(16.98-374.52) 0.99 5.42E-05 65.50(15.65-274.08) 0.98 1.94E-05
DPYSL2 2 57.31(16.65-197.29) 0.98 2.58E-07 54.42(16.87-175.52) 0.98 4.24E-08
EIF3C 2 119.64(23.81-601.07) 0.99 1.18E-05 158.60(36.38-691.39) 0.99 2.89E-08
NRXN3 3 9.81(3.58-26.90) 0.90 1.70E-02 8.89(3.28-24.12) 0.89 3.36E-02
PDE10A 3 12.95(4.04-41.51) 0.92 3.08E-02 11.81(3.74-37.27) 0.92 4.78E-02
EPS15L1 2 44.85(10.16-198.04) 0.98 9.78E-04 57.94(13.89-241.63) 0.98 4.77E-05
GAPVD1 2 12.31(4.44-34.10) 0.92 2.61E-03 18.26(6.66-50.08) 0.95 3.13E-05
HIBCH 2 37.76(8.66-164.63) 0.97 2.52E-03 42.43(10.24-175.72) 0.98 4.44E-04
HPCAL1 2 239.29(39.49-1450.11) 0.99 4.79E-06 94.16(22.22-399.07) 0.99 1.30E-06
ITSN2 2 35.11(10.53-117.05) 0.97 1.31E-05 21.95(6.89-69.99) 0.95 3.34E-04
Mccca 2 51.26(11.18-228.96) 0.98 4.77E-04 35.86(8.68-148.07) 0.97 1.42E-03
MYO5A 2 239.29(39.49-1450.11) 0.99 4.79E-06 111.60(26.13-476.64) 0.99 3.68E-07
NOMO1 2 47.84(10.78-212.39) 0.98 6.89E-04 27.38(6.65-112.62) 0.96 8.50E-03
PARP1 2 65.25(14.25-298.75) 0.98 1.39E-04 38.13(9.22-157.61) 0.97 9.33E-04
1506.91(209.86-

PDHB 2 358.95(49.99-2577.53) 0.99 9.32E-06 10820.36) 0.99 6.50E-10
PFN2 2 143.57(27.48-750.14) 0.99 7.39E-06 215.25(48.19-961.45) 0.99 3.76E-09
POR 2 20.52(6.29-66.96) 0.95 1.04E-03 18.56(5.83-59.09) 0.95 1.45E-03
PYGB 2 358.95(49.99-2577.53) 0.99 9.32E-06 251.13(55.38-1138.89) 0.99 1.48E-09
RAB5B 2 33.36(11.73-94.94) 0.97 9.24E-08 35.42(12.85-97.64) 0.97 1.01E-08
REV3L 2 119.64(23.81-601.07) 0.99 1.18E-05 115.89(27.08-495.90) 0.99 2.78E-07
RPL30 2 102.54(21-500.67) 0.99 1.97E-05 79.29(18.83-333.84) 0.99 4.69E-06
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SAE1 2 179.47(34.44-992.81) 0.99 5.16E-06 273.96(59.83-1254.41) 0.99 9.04E-10
SH3GL3 2 90.76(25.16-327.42) 0.99 1.07E-08 101.61(30.98-333.30) 0.99 4.61E-11
SORBS2 2 37.76(8.66-164.63) 0.97 2.52E-03 42.43(10.24-175.72) 0.98 4.44E-04
SYNPO 2 43.55(12.90-146.97) 0.98 2.25E-06 33.85(10.57-108.37) 0.97 5.65E-06
TCP11L1 2 15.10(4.67-48.86) 0.93 1.11E-02 21.34(6.69-68.01) 0.95 4.30E-04

VPS41 2 143.57(27.48-750.14) 0.99 7.39E-06 111.60(26.13-476.64) 0.99 3.68E-07

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are

ordered by number of indels
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Supplementary Table 13 Rare missense variants found in the gene burden analysis for AKAP9 gene in Spanish
patients with MD and tinnitus extreme phenotype (MD-EP) and Swedish patients with severe tinnitus

Spanish MD-EP tinnitus cohort (N=30)

MAF MAF NFE

P E ID MAF. CADD ACMG Amino acid
os xon rs
MD-EP Csvs
( ) gnomAD.v2 gnomAD.v3 change
Benign
7:91622303:G>C 5 rs144888041 0.0167 0.0026 0.0030 0.008 20.1 E170D
(PS4,BS1,BS2,BP1,BP4)
Benign
7:91631849:A>G 8 rs746429266 0.0167 0 0 0.001 17.79 K873R
(PS4,BS1,B52,BP1,BP4)
Benign
7:91643610:G>A 10 rs139965373 0.0167 0.0004 0.0004 0.001 25 A1194T
(PS4,BS1,B52,BP1,BP4)
Benign
7:91670121:G>A 18 rs148146011 0.0167 0.0003 0.0001 0.002 22.8 R1609K
(PS4,BS1,BS2,BP1,BP4,BP6)
Benign
7:91700267:T>C 28 rs76177450 0.0167 0.0049 0.0038 0.003 16.42 S2186P
(PS4,BS1,BS2,BP1,BP4,BP6)
Benign
7:91732039:G>C 46 rs143306820 0.0167 4.48E-05 3.10E-05 - 24.4 M37431
(PS4,PP3,BS1,B52,BP1)
7:91574215:CT/C- - rs1309343726 0.0179 0.0006 0.0006 - - Benign( PS4,BS1,BS2,BP4) c.48+3755delT
7:91659313:AT/A- - rs779223487 0.0179 0.0002 0.0001 - - (Benign PS4,BS1,BS2,BP4) €.4245+13delT
7:91706410:CT/C- - rs370936884 0.0179 0.0009 0.0003 - - (Benign PS4,BS1,BS2,BP4) €.6765+106delT
Swedish tinnitus cohort (N=34)
MAF
] MAF NFE MAF. Amino acid
Pos Exon rsiD (Swedish sweGen CADD ACMG
cohort) gnomAD.v2  gnomAD.v3 ebe change
Benign
7:91603115:C>T 2 rs35669569 0.0441 0.0133 0.011 0.0205 0.009 H47Y
(BS1,BS2,BP1,BP4,BP6)
7:91712609:A>C 33 rs144875383 0.0147 0.0019 0.0018 0.002 0.211 Benign (BS1,BS2,BP1,BP4) K2762N
Pathogenic
7:91727526:G>A 43 - 0.0147 - - - 32 E3571K

(PS4,PM2,PP3,BP1)

ACMG=American college of medical genetics and genomics, VUS= Variant of uncertain significance
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Supplementary Table 14 Rare missense variants found in the gene burden analysis for TSC2 gene in Spanish patients w
(MD-EP) and Swedish patients with severe tinnitus

Spanish MD-EP tinnitus cohort (N=30)

MAF NFE

MAF MAF.
Pos Exon rsiD (MD-EP) csvs CADD ACMG
gnomAD.v2  gnomAD.v3
16:2110765:C>T 11 rs150195368 0.0167 0.0006 0.0009 - 23.8 Likely benign (PS4,PP,BS2,BI
Likely pathogenic
16:2129140:C>T 27 - 0.0167 - - - 21.7
(PS4,PM2,PP2,PP3)
VUsS
16:2133726:C>T 33 rs45517320 0.0167 6.09E-05 7.74E-05 0.001 14.01
(PS4,PM5,PP2,BS1,B52,BP4,B
Likely pathogenic
16:2138096:C>T 40 rs45517391 0.0167 0.0004 0.0003 0.002 23.2
(PS4,PM1,PP2,PP3,BS2)
16:2114151:C/+TG - rs754285275 0.0179 0.0003 0.0002 - - Likely pathogenic (PS4,PM2,E
16:2123243: G/+T - rs141745833 0.0179 0.0003 0.0007 - - Benign (PS4,BA1,BP4)
16:2127041:C/+TA - rs200120767 0.0179 0.0018 0.0023 - - Likely pathogenic (PS4,M2,P
16:2130492: G/+T - rs112025110 0.0179 0.0048 0.0051 - - Benign (BA1,BP4)
16:2136476:CA/C- - rs142421783 0.0179 0.0006 0.0006 - - Benign (PS4,BA1BP4,BP6)
Swedish tinnitus cohort(N=34)
MAF MAF NFE MATF.
Pos Exon rsID (Swedish CADD ACMG
SweGen
cohort) gnomAD.v2 gnomAD.v3
16:2129044:C>T 27 rs137854410 0.0147 3.60E-05 4.64E-05 - 33 VUS (PS4,PP2,PP3,BS2,BP6
16:2138546:G>A 42 rs45517419 0.0294 0.0032 0.0040 0.0035 1.823 Benign (PP2,BS1,BS2,BP4,BF

VUS= Variant of uncertain significance



Supplementary Table 15 List of synaptic genes showing enrichment of indels in Swedish tinnitus cohort compared with SweGen :

reference datasets

Gene #indels gnomAD.v2 EF Corrected p gnomAD.v3 EF Corrected p
OR(CI) OR(CI)
Non selected Tinnitus (N=97)
APC 4 2.58(2.08-3.20) 0.61 <1.00E-15 1.93(1.56-2.39) 0.48 2.58E-06 1.
CLASP2 4 3.13(1.92-5.10) 0.68 9.48E-03 2.82(1.74-4.56) 0.64 4.92E-02 11.
Severe tinnitus(N=34)
AGL 4 6.93(4.01-11.95) 0.86 6.6E-09 7.91(4.61-13.58) 0.87 1.11E-10 5..
APC 4 3.48(2.52-4.81) 0.71 9.67E-11 2.61(1.89-3.61) 0.62 1.08E-05 2.
CLASP2 4 5.51(2.99-10.13) 0.82 8.00E-05 5.06(2.77-9.27) 0.80 2.75E-04 16..
PC 4 4.22(3.07-5.81) 0.76 <1.00E-15 2.99(2.17-4.10) 0.67 2.67E-08 4.
ACACA 3 172.27(92.86-319.59) 0.99 <1.00E-15 4.13(2.54-6.70) 0.76 1.88E-05 4.
APPL2 2 5.16(3.41-7.80) 0.81 1.42E-11 5.28(3.50-7.96) 0.81 4.19E-12 5.1

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are



Supplementary Table 16 List of hearing loss genes showing an enrichment of missense rare variants in Spanish patients

(MD-EP) when they were compared against CSVS reference dataset

Gene #Variants [gn;?a:[l)). v2l EF Corr:;cted [gncc)’mRa:Il)).vE;] EF Corrected p g:;
ADGRV1 16 1.74(1.24-2.44) 0.42 NS 1.70(1.21-2.38) 0.41 NS 2.18(1.
USH1G 6 19.56(8.69-44.01) 0.95 1.01E-10 22.63(10.02-51.12) 0.96 9.65E-12 7.16(3.(
ILDR1 3 24.09(7.64-75.93) 0.96 8.50E-06 28.14(8.86-89.37) 0.96 2.29E-06 16.44(4.
MYO3A 3 3.40(1.40-8.28) 0.71 NS 3.48(1.43-8.49) 0.71 NS 5.71(2.
OTOA 3 96.40(29.95-310.25) 0.99 2.80E-12 102.95(31.24-339.27) 0.99 3.98E-12 16.44(4.
PCDH15 3 13.99(4.45-43.97) 0.93 9.61E-04 14.37(4.56-45.32) 0.93 8.22E-04 12.33(3.
NARS2 2 116.85(27.72-492.54) 0.99 1.34E-08 122.01(28-531.73) 0.99 2.41E-08 32.90(5.¢
CACNA1D 2 37.43(9.13-153.43) 0.97 7.37E-05 26.13(6.36-107.46) 0.96 9.24E-04 32.90(5.
CDC14A 2 5.69(1.40-23.06) 0.82 NS 6.48(1.60-26.33) 0.85 NS 32.90(5.

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Supplementary Table 17 List of hearing loss genes showing an enrichment of missense rare variants in Spanish patients with MD

(MD-AEP) when they were compared against CSVS reference dataset

Gene #Variants [gngn';a:?). v2] EF Corrected p [gng?a!l))-ﬁ] EF Corrected p g
TRIOBP 13 2.09(1.35-3.23) 0.52 NS 2.19(1.42-3.39) 0.54 NS 2.42(1
DSPP 12 2.26(1.43-3.57) 0.56 NS 1.52(0.96-2.40) 0.34 NS 2.92(1
DFNB31 3 35.21(11.13-111.34) 0.97 2.04E-07 22.87(7.22-72.43) 0.96 1.56E-05 25.54(€
DIAPH1 2 58.69(14.21-242.34) 0.98 2.77E-06 43.71(10.52-181.58) 0.98 3.05E-05 34.05(6.

OR (Cl)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by



Supplementary Table 18 Gene Ontology analysis showing the list of genes found in Reactome pathways and GO biol

Total Candidate
Pathway genes genes Gene(s) name P-valu
(N) (N)
Membrane trafficking 629 13 AP2A2,TUBB2A,DNM3,ANK2, WASL,TSC2,AP1G1,MYO5A,BIN 147E-
1,AAK1,KIF20B,SNX5,MADD
Vesicle mediated transport 724 13 AP2A2,TUBB2A,DNM3,ANK2, WASL,TSC2,AP1G1,MYO5A,BIN 8.5
1,AAK1,KIF20B,SNX5,MADD
Nervous system development 580 9 AP2A2,TUBB2A,DNM3,ANK2, WASL,,NRCAM,GSK3B,PLXNA2, 6.59E-
MBP
Llcam interactions 121 5 AP2A2,TUBB2A,DNM3,ANK2, WASL,NRCAM 5.90E-
Clathrin mediated endocytosis 145 5 AP2A2,DNM3,WASL,BIN1,AAK1 1.44E-
Total Candidate
Biological process genes genes Gene(s) name P-valui
(N) (N)
PPP1R9A,MYOS5A,BIN1,SYNPO,ANK2,MYO18A,CORO1C,GSK3
Cytoskeletal protein binding 979 20 B,DNM3,NRCAM,LLGL1, TAOK2, WASL,SORBS1,FLIl, MPRIP,KIF 4.49E-
20B,AP1G1,SNX5,LRPPRC
PPP1R9A,MYOS5A,BIN1,SYNPO,ANK2,MYO18A,CORO1C,GSK3
Synapse 1357 22 BDNM3,NRCAM, 6.48E-
AKAP9,SIPA1L1,1QSEC1,AAK1,CDH13,SNAP47,MBP,RGS8,TSC
2,ICA1,MADD,SGTA
PPP1R9A,MYOS5A,BIN1,SYNPO,ANK2,MYO18A,CORO1C,LLGL
Actin filament based process 804 18 1,TAOK2, WASL,SORBS1,FLIl, MPRIP,AKAP9Y,SIPA1L1,IQSECI,M  7.71E-
RAS, CACNA2D1
PPP1R9A,MYOS5A,BIN1,SYNPO,ANK2,
Neuron projection 1366 21 GSK3B,DNM3,NRCAM,LLGL1,TAOK2,KIF20B, AKAP9, SIPA1L1,  1.48E-
AAK1,CDH13,SNAP47,MBP,RGS8,DOCK7,NDRG2,VCAN
PPP1R9A,MYOS5A,BIN1,SYNPO,ANK2,MYO18A,CORO1C,GSK3
Cytoskeleton organization 1396 20 B,LLGL1,TAOK2, WASL,SORBS1,FLIl, MPRIP, 4.11E-
AKAP9,SIPA1L1,IQSEC,MARS,DOCK7, TUBB2A
Actin cytoskeleton 503 13 PPP1R9A,MYO5A,BIN1,SYNPO, 8.77E-




Regulation of transport

Cellular component morphogenesis

Postsynapse

Axon

1856

800

640

643

19

14

13

13

MYO18A,COROIC,LLGL1, TAOK2, WASL,SORBS1, FLI, MPRIP,
SH3PXD2A

PPP1R9A,MYOS5A, BINI, ANK2,MYO18A, GSK3B,DNM3,
LLGL1, WASL,SORBSI,

KIF20B,AP1G1,SNX5,AKAP9,AAK1,CDH13,TSC2,ICA1L, 1.07€-
CACNA2D1

PPP1R9A,ANK2,

CORO1C,GSK3B,DNM3,NRCAM,LLGL1, TAOK2, WASL, 1.67E-
FLI,KIF20B, SIPA1L1,DOCK7, PLXNA2
PPP1R9A,MYOS5A,SYNPO,ANK2,MYO18A, .

GSK3B,DNM3,NRCAM, AKAP9,SIPA1L1,IQSECI, SNAP47,TSC2
PPP1R9A,MYOS5A,BINI,
GSK3B,DNM3,NRCAM, LLGL1, TAOK2,KIF20B,AAK1,MBP,DOCK  1.94E-
7, NDRG2

FDR=False discovery rate



Supplementary Figures

Supplementary Fig. 1 Flowchart for filtering and prioritization of variants associated with tinnitus in Spanish
patients with Meniere disease and tinnitus extreme phenotype (MD-EP). Single variant and gene burden
analyses were performed in a set of 1886 synaptic genes selected for EP and almost extreme phenotypes (AEP)
for tinnitus. Individuals with MD and no persistent tinnitus were used as an internal control to filter variants
associated with MD
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MD-EP= Meniere disease and tinnitus extreme phenotype, MD-AEP= Meniere disease and tinnitus almost extreme phenotype,
CSVS=Collaborative Spanish Variant Server
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Supplementary Fig. 2 Flowchart for variant analysis according to the type of variant, location in coding or non-coding
regions and effect on the protein. SVA, single variant analysis, GBA, gene burden analysis.
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2: Splicing

196



Supplementary Fig. 3 Distribution of rare variants across ANK2, AKAP9 and TSC2 genes found in the gene burden
analysis in Spanish patients with Meniere disease and tinnitus extreme phenotype (MD-EP) and Swedish tinnitus
cohorts. Each octagon/circle indicates the position of the involved amino acid in the protein sequence
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Supplementary Fig.4 Sanger sequencing of rare variants in ANK2 gene in Spanish patients with Meniere
disease and tinnitus extreme phenotype (MD-EP)
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Supplementary Fig.5 Sanger sequencing of rare variants in TSC2 gene in Spanish patients with Meniere disease
and tinnitus extreme phenotype (MD-EP)
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Supplementary Fig. 6 Single-cell RNA-seq data demonstrating trimmed mean gene expression for Ank2 and
Tsc2 from cortical neurons (data from the Allen Brain Institute Cell Types Database). Ank2 expression data in
human (A) and mouse (C) and Tsc2 expression in human (B) and mouse (D) cortex and hippocampus. Using the
Allen Brain institute taxonomy, neurons were grouped into two classes: excitatory neurons (Exc, red lines) and
inhibitory neurons (Inhib, blue lines). For each population the proportion of cells in that population was plotted
against the trimmed mean expression. Excitatory neurons consistently displayed higher expression for each
gene across species.
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Supplementary Notes

Supplementary Note 1: Gene expression analysis using the Allen Brain Atlas

Antisense expression data were available in coronal and sagittal sectioned brains for both Ank2 and Tsc2 (4 mice: Ank2,
sagittal section = Exp 68844707, coronal section = Exp 71924087 and Tsc2, sagittal section = Exp 70919985, coronal
section = Exp 1431). Sagittal sections, for both brains, were visually examined and areas of high expression were noted.
These regions were then confirmed via inspection of coronal sections and a good correspondence was found (every
highlighted region was confirmed). To quantify these findings we obtained these data in a Matlab format'. ISH data for
4,104 genes were downloaded as mouse brain-wide expression profiles partitioned into 49,742 cubic voxels of 200
micron size >°. In this format expression energy of a given gene, g, is a weighted sum of the greyscale-intensity of the

pixels within a voxel:

Mp)I
E(v,g) = Zpe% (pi (p)
pev

Where p denotes a given pixel, v a given voxel, I(p) the intensity within a given pixel and M(p) is a Boolean mask that
equals 1 if the gene is expressed at pixel p or a 0 otherwise. Coronal data came pre-annotated to allow allocation of
each voxel to a given brain region >3 Mean expression energy for each brain region was simply the mean of the
expression energy for all voxels annotated to fall within this region, likewise for standard deviations and counts used for
calculation of the standard error of mean. The raw annotated voxel data were also transferred into SPSS to allow
statistical testing of the variation in expression data. Voxels were treated as independent samples of expression within
a given brain region and a Kruskal-Wallis test performed to determine if expression within different regions differed
statistically.

Expression of genes were also contrasted in order determine if visually observed strong correspondence of brain wide
expression of Tsc2 and Ank2 was statistically significant. First, for each pair of genes within the set of 4,104 genes a co-
expression value was calculated:

S E(v.g)E(v,g)
S B, 9)2 Y1 E(w, ¢')?

CoExpr(g, g') =

Where V is the total number of voxels. The coexpression values from all gene pairs were used to estimate the
probability distribution of a given coexpression value being obtained. This distribution was then used to determine if
the coexpression of Ank2 and Tsc2 was statistically significant.
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Supplementary Note 2: ANK2 and TSC2 gene expression profile in the mouse brain

These ISH data are available pre-rendered into a three-dimensional annotated reference volume ? of 200 micron voxels
containing the maximal-intensity value within each !, This allowed quantitative analysis of gene expression across 209
registered brain regions (e.g. see Supplementary figure 3C-D). Ank2 ISH data revealed significant variations in
expression across brain regions (voxels were grouped by brain region and compared, Kruskal-Wallis, p<0.001). Mean
expression was ranked across brain regions confirming the strongest expression in a number of regions (Supplementary
figure 3E), including: olfactory areas (piriform area, tenia tecta and accessory olfactory bulb), the pallidum (ventral
regions, particularly: the magnocellular nucleus and caudal regions, particularly: the bed nucleus of the anterior
commissure and the bed nuclei of the stria terminalis), the epithalamus (particularly: medial habenula), the
hippocampus (dentate gyrus and the pyramidal layers of Ammon’s horn, i.e. CA) the hypothalamus (periventricular
regions, particularly: anteroventral periventricular nucleus, parastrial nucleus, anteroventral preoptic nucleus and
medial preoptic nucleus, and the hypothalamic medial zone, particularly: the ventral premammillary nucleus), the
striatum (ventral regions, particularly: the olfactory tubercle and the lateral septal complex, particularly the lateral
septal nucleus) and the cortex. In addition, strong expression was observed in pontine gray and tegmental reticular
nucleus. Similarly, Tsc2 showed significant variations in expression (Kruskal-Wallis, p<0.001) with the strongest
expression in: olfactory areas (accessory olfactory bulb, tenia tecta, piriform area, the nucleus of the lateral olfactory
tract, anterior olfactory nucleus and the postpiriform transition area), the pallidum (ventral regions, particularly: the
magnocellular nucleus), the thalamus (epithalamus, particularly: medial habenula, and the peripeduncular nucleus), the
hippocampus (dentate gyrus and the pyramidal layers of Ammon’s horn, i.e. CA) the hypothalamus (arcuate
hypothalamic nucleus), the striatum (the olfactory tubercle) and the medulla (parapyramidal nucleus).In order to
identify the brain regions with high coexpression brain wide expression profiles were normalised and multiplied (see
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methods) allowing a brain wide coexpression map .This revealed the strongest coexpression in: olfactory areas (piriform
area, tenia tecta, accessory olfactory bulb, anterior olfactory nucleus and the nucleus of the lateral olfactory tract), the
hippocampus (dentate gyrus and the pyramidal layers of ammon’s horn), the epithalamus (particularly: medial
habenula), the pallidum (ventral regions, particularly: the magnocellular nucleus), the striatum (ventral regions,
particularly: the olfactory tubercle and anterior amygdalar area), the cerebral cortex (analysis of cortical layers revealed
strong expression for both in layers 2/3, 5 and 6a but not in layers 1 and 4) and the hypothalamus (periventricular
regions, particularly: anteroventral periventricular nucleus, anteroventral preoptic nucleus and medial preoptic nucleus,
and the hypothalamic medial zone, particularly: the ventral premammillary nucleus).
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