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Abstract 
 
 

Introduction - Meniere disease (MD) is a complex disease of the inner ear, characterized 

by wide symptomatological heterogeneity that includes sensorineural hearing loss, 

episodic vertigo and tinnitus, which can overlap with various comorbidities and appears 

as partial clinical pictures. It has a multifactorial etiology that includes an immune 

component, a genetic origin, and disorders related to endolymph flow. In fact, the most 

consistent findings in the temporal bones of patients with MD have been: i) the presence 

of endolymphatic hydrops, which consists of endolymph accumulation in the sensory 

audiovestibular organs; ii) abnormalities in the endolymphatic sac (ES) and the 

endolymphatic duct, being the two non-sensory organs of the inner ear that are 

responsible for regulating the endolymph composition and drainage, including the 

narrowing and collapse of their lumens and fibrosis in their epithelia, and iii) malformations 

of the temporal bone such as shortening and compression of the vestibular aqueduct. 

 

Hypothesis and Objectives - Recently, two endotypes of MD have been described 

based on the histopathological malformation of the ES. Specifically, in the hypoplastic 

endotype, the ES abruptly disappears at the level of the operculum, with a total absence 

of the extraosseous region. These patients had a family history of sensorineural hearing 

loss, vertigo, or MD, a tendency to present early onset, temporal bone abnormalities, a 

male predominance, and a higher bilateral prevalence than other MD patients. Based on 

these findings, the authors suggest that ES hypoplasia originates during development and 

may have a genetic origin. Thus, the objective of this work is to decipher the genetic basis 

of ES hypoplasia in patients with MD. 

 

Material and methods - A cohort of 42 patients with MD and ES hypoplasia was 

recruited, and exome sequencing was performed. The endotype was identified by 

calculating the angular trajectory of the vestibular aqueduct (ATVA) on computed 

tomography (CT) and magnetic resonance (MRI) images. The approach for the genetic 

study incorporated gene burden analysis of SNVs and InDels variants and structural 

variants discovery, pointing out candidate genes with higher variant enrichment in our 

cohort compared to the reference populations. The functional analysis highlighted the 

possible pathways and biological processes affected. Candidate genes were validated by 
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immunohistochemical assays on tissue sections and western blot in the mouse inner ear. 

The absence of the hypoplastic endotype in the general population was addressed by 

ATVA analysis in a complementary study on 332 ears of otologic patients without MD. 

 

Results - Gene burden analysis pointed to 94 genes with enrichment for rare variants. 

Among them, the best candidates were ADAMTS18 and SDK1, whose variants were 

present in a large number of individuals in the cohort (35.7% and 33.3%, respectively), 

and showed a high number of variants (15 and 14, respectively), some of which were 

shared by a large number of individuals. The expression of Adamts18 has been verified 

in mice in the first postnatal stage, both in the sensory epithelia and the otic capsule. The 

functional analysis taking into account the results of the genes enriched in variants, and 

the genes with more represented structural variants, has highlighted certain pathways and 

biological processes, indicating a possible alteration in the development and function of 

the sensory epithelia of the inner ear, the transmission of information to higher information 

centers, and the generation of abnormalities in the bone matrix of the otic capsule. 

 

Conclusions - In this doctoral dissertation, the possible candidate genes and biological 

pathways for the development of ES hypoplasia in MD patients have been defined. The 

genetic and molecular characterization of this endophenotype could help to stratify 

different types of patients within MD, a complex and diverse pathology, improving 

diagnosis, prediction of evolution, and clinical decision-making. 
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Resumen 
 
 

Introducción - La enfermedad de Meniere (EM) es una enfermedad compleja del oído 

interno, con gran heterogeneidad sintomatológica que incluye hipoacusia neurosensorial, 

vértigo episódico y tinnitus, que puede solapar con diversas comorbilidades y que se 

manifiesta con cuadros clínicos parciales. Tiene una etiología multifactorial que incluye 

un componente inmune, un origen genético y desórdenes relacionados con el flujo de 

endolinfa. De hecho, los hallazgos más consistentemente encontrados en huesos 

temporales de pacientes con EM han sido: i) la presencia de hydrops endolinfáticos, que 

consiste en la acumulación de endolinfa en los órganos audiovestibulares sensoriales; ii) 

anormalidades en el saco endolinfático (SE) y el conducto endolinfático, siendo estos los 

dos órganos no sensoriales del oído interno que se encargan de la regulación de la 

composición de la endolinfa y su drenaje, incluyendo el estrechamiento y colapso de sus 

lúmenes y la fibrosis en sus epitelios, y iii) malformaciones del hueso temporal como el 

acortamiento y compresión del acueducto vestibular. 
 

Hipótesis y Objetivos - Recientemente, se han descrito dos endotipos de EM basados 

en la malformación histopatológica del SE. Concretamente, en el endotipo hipoplásico, el 

SE desaparece bruscamente a nivel del opérculo, con ausencia total de la región 

extraósea. Estos pacientes tenían antecedentes familiares de hipoacusia neurosensorial, 

vértigo o EM, una tendencia a presentar inicio temprano, alteraciones de hueso temporal, 

predominio masculino y mayor prevalencia bilateral que el resto de pacientes con EM. De 

acuerdo con estos descubrimientos, los autores sugieren que la hipoplasia de SE se 

origina durante el desarrollo y tendría un origen genético. Así, el objetivo de este trabajo 

es descifrar la base genética de la hipoplasia de SE en pacientes con EM. 

 

Material y métodos - Se reclutó una cohorte de 42 pacientes con EM e hipoplasia del 

SE, sobre los que se realizó secuenciación de exoma. El endotipo fue identificado 

mediante el cálculo de la trayectoria angular del acueducto vestibular sobre imágenes de 

tomografía axial computerizada y resonancia magnética. La aproximación para el estudio 

genético se ha basado en el análisis de agregación de variantes SNVs e InDels raras y 

descubrimiento de variantes estructurales, señalando genes candidatos con mayor 

enriquecimiento de variantes en nuestra cohorte frente a las poblaciones de referencia. 
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El análisis funcional destacó las posibles rutas y procesos biológicos afectados. Los 

genes candidatos fueron validados mediante ensayos de inmunohistoquímica sobre 

secciones de tejido y electrotransferencia-immunoblot en oído interno de ratón. La 

ausencia del endotipo hipoplásico en la población general fue abordada mediante el 

análisis de ATVA en un estudio complementario sobre 332 oídos de pacientes otológicos 

sin EM. 

 

Resultados - El análisis de agregación señaló 94 genes con enriquecimiento de 

variantes raras. Entre ellos, los mejores candidatos fueron ADAMTS18 y SDK1, cuyas 

variantes estaban presentes en gran cantidad de individuos de la cohorte (un 35,7% y 

33,3%, respectivamente) y mostraron un alto número de variantes (15 y 14, 

respectivamente), estando algunas de estas compartidas en gran cantidad de individuos. 

La expresión de Adamts18 ha sido comprobada en ratón en la primera etapa postnatal, 

tanto en los epitelios sensoriales como en la cápsula ótica. El análisis funcional teniendo 

en cuenta los resultados de los genes enriquecidos en variantes, y los genes con 

variantes estructurales más representadas, han apuntado ciertas rutas y procesos 

biológicos señalando una posible alteración en el desarrollo y función de los epitelios 

sensoriales del oído interno, la transmisión de la información a centros superiores de 

información, y la generación de anormalidades en la matriz ósea de la cápsula ótica. 

 

Conclusiones - En esta disertación doctoral se han definido los posibles genes y rutas 

biológicas candidatas para el desarrollo de la hipoplasia del SE en pacientes de EM. La 

caracterización genética y molecular de este endofenotipo podría ayudar a estratificar 

distintos tipos de pacientes dentro de EM, una patología compleja y diversa, mejorando 

el diagnóstico, la predicción de la evolución, y la toma de decisiones clínicas. 
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Acronyms and abbreviations 
 
 
ACMG: American College of Medical 

Genetics and Genomics guidelines  

AIED autoimmune inner ear disease 

ATVA: angular trajectory of the vestibular 

aqueduct 

BAM: Binary Alignment Map 

CADD: Combined Annotation Dependent 

Depletion 

CI: confidence interval  

CNV: copy number variants 

CT: computed tomography 

ECM: extracellular matrix 

ED: endolymphatic duct 

EDTA: Ethylenediaminetetraacetic acid 

eES: extraosseous part of ES 

EH: endolymphatic hydrops 

ENT: Ear, Nose, Throat (~ 

Otorhinolatingology) 

ES: endolymphatic sac 

FLAGS: FrequentLy mutAted GeneS 

FMD: familiar Meniere Disease 

gnomAD: Genome Aggregation Database 

GO: gene ontology 

HC: hair cells 

HPO: Human Phenotype Ontology 

iES: intraosseous part of ES 

IGV: Integrative Genome Viewer 

IHC: immunohistochemistry 

InDels: Insertions and Deletions 

LOEUF: loss-of-function observed/expected 

upper bound fraction 

LoF: loss of function 

LSC: lateral semicircular canal 

LSV: large structural variants 

MD: Meniere Disease 

MET: mechanotransduction channels 

MGI: Mouse Genome Informatics 

MMP: matrix metalloproteases 

MRC: mitochondria rich cells 

MRI: magnetic resonance imaging 

NFE: Non-Finish European 

OMIM: Online Catalog of Human Genes and 

Genetic Disorders 

OR: Odd ratio 

PBS: Phosphate Buffered Saline 

PCF: posterior cranial fossa 

pLi: probability of being Loss of function 

Intolerant 

PSC: posterior semicircular canal 

PTA: pure-tone audiometry 

RNA-seq: RNA sequencing 

RRC: ribosome rich cells 

RT-PCR: real time PCR 

SC: supporting cells 

SCC: semicircular canals 

SGN: spiral ganglion neurons 

SMD: sporadic Meniere Disease 

SNHL: sensorineural hearing loss 

SNV: single nucleotide variants 

SS: sigmoid sinus 

SSC: superior semicircular canal 

SV: structural variants 

TB: temporal bone 

TM: tectorial membrane 
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VA: vestibular aqueduct 

VCF: Variant Call Format 

VEP: Variant Ensembl Predictor 

VGN: vestibular ganglion neurons 

VM: vestibular migraine 

WES: whole exome sequencing 

WGS: whole genome sequencing 
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1.1 - The inner ear 

The ear can be divided into three anatomical compartments: the outer, the middle, 

and the inner ear (Figure 1.1, A). In the outer ear, the auricle captures sound waves 

propagating through the external auditory canal to reach the eardrum or tympanic 

membrane. In the middle ear, three small, coupled bones, the ossicles (the malleus, the 

incus, and the stapes), transmit the vibration that eardrum receives to the oval membrane, 

where the inner ear begins (1). 

The inner ear is a remarkable structure composed of a complex network of 

interconnected membranous tubes called the membranous labyrinth, which is housed 

inside a bony cover designated as the osseous labyrinth or otic capsule (Figure 1.1, B) 

(2). Differing from the aerial outer and middle ear, the inner ear labyrinths are filled with 

two types of fluids with distinct compositions: endolymph inside the membranous labyrinth; 

and perilymph between the membranous labyrinth and the otic capsule. These fluids move 

in response to various stimuli, which are detected by two sensory systems: the organ of 

Corti in the cochlea, which is sensitive to auditory input, and the vestibular system, which 

can detect linear and angular accelerations (1). 

In addition to sensory organs, the membranous labyrinth extends out of bone cover, 

giving rise to two non-sensory organs: the endolymphatic duct (ED) and the 

endolymphatic sac (ES). The inner ear complex is housed within the petrous part of the 

temporal bone (TB) in the posterior cranial fossa (PCF) (3,4). 

1.1.1 - The cochlea 

The cochlea is responsible for the sense of hearing, managing the translation of 

sound vibrations into nerve impulses (5). 

The bony and membranous labyrinths of the cochlea are arranged in a spiral shape 

with three turns, apical, medial, and basal turns (Figure 1.2, A) (6). Along its length, 

different auditory frequencies gradually stimulate distinct areas of the cochlea. The part 

closer to the base is more sensitive to high frequencies, and the nearer to the apex 

responds better to low tones. This spatial-frequency capacity is designated as tonotopy 

and depends on the basilar membrane's width, thickness, and stiffness, which produces 

variations in the distance over which waves of different frequencies can propagate (5,7). 

The basilar membrane supports the organ of Corti, which contains the sensory epithelium 

(Figure 1.2, A). 
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Figure 1.1 – Schematic representation of ear anatomy. A) Differentiation of the three 

ear anatomical compartments: the outer (external), the middle, and the inner; B) Inner 

ear membranous labyrinths, and otic capsule. Created with BioRender.com 
 

The cochlear membranous labyrinth is divided into three cavities: the scala vestibuli, 

the scala media, and the scala tympani (Figure 1.2, A). The scala vestibuli and the scala 

tympani contain perilymph and communicate at the helicotrema level in the cochlea’s 

apex. The scala media is bathed by endolymph and sealed without communication with 

other compartments. The correct separation of the scales is necessary to preserve the 

different compositions of the two fluids, which is essential for the proper functioning of the 

cochlea. Thus, Reissner's membrane separates the scala tympani and the scala media, 

and the basilar membrane separates the scala media from the scala vestibuli (5). 
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Therefore, the scala media appears as a triangular chamber with three walls in a cross-

section of the membranous labyrinth. The upper wall would be the Reissner's membrane, 

the lateral wall would include the stria vascularis and the spiral ligament, and the lower 

wall would be the basilar membrane, on which rests the Organ of Corti (5) (Figure 1.2, A). 

1.1.1.1 - Morphological and molecular structure of the Organ of Corti 

 The Organ of Corti comprises several types of cells and structures with specialized 

functions: hair cells (HC), supporting cells (SC), and tectorial membrane (TM) (5) (Figure 

1.2, B). 

Hair cells 
Two types of cochlear HC can be distinguished: inner HC, disposed in one row and 

responsible for converting mechanical stimuli into electrochemical signals, and three rows 

of outer HC, that amplify signals and connect to efferent neurons. The hair bundle is 

situated on the apical surface of HC, each containing around 50-200 microvilli-like 

projections called stereocilia. These are arranged in a V-like shape with a staircase 

pattern, where stereocilia increase in height ordered up to the tallest (Figure 1.2, B) (6,7).  

Internally, stereocilia exhibit a skeleton of actin chains arranged in parallel and 

crosslinked by several proteins. The intersection pattern frequency is higher in the middle 

part, more rigid and stable (8). In the flexible base, on the contrary, the number of 

crosslinked unions is lower, which allows stereocilia to pivot towards the neighbor 

stereocilia. The tips of stereocilia house the MET complex, the functional 

mechanosensitive transduction channels responsible for HC depolarization in response 

to sound  (5,8). 

Each stereocilium is attached to the stereocilia immediately anterior and posterior 

in height by different junctions: tip link at the surface; and top connectors, shaft 

connectors, and ankle links at different heights on the lateral side. While shaft connectors 

and ankle links stabilize the stereocilia during its development, only tip links and top 

connectors remain once it matures (9). Among them, we can highlight the function and 

structure of the tip links (Figure 1.3, A). 

Tip links are comprised of dimers of the proteins protocadherin-15 (PCDH15) and 

cadherin-23 (CDH23). Protocadherin-15 interacts with the MET complex in the anterior 

stereocilia and the cytoplasmic part of cadherin-23 is anchored to the actin backbone in 
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the posterior stereocilia. This union creates a force of tension between the stereocilia that 

intervenes in the deflection of the hair bundle (7,8). 

 
Figure 1.2 - Anatomy of the cochlea and morphological structure of 

sensory cochlear epithelia. Created with BioRender.com 
 

 

 

Supporting cells 

Accompanying HC, several types of non-sensory SC form a base on which the HC 

are anchored. Although they are not directly involved in the mechanotransduction process, 

their functions are essential for hearing (5,10) (Figure 1.2, B). 
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On the one hand, they form a rigid structural base that is simultaneously vibratile, 

which transmits movement from the basilar membrane. They contribute to the 

maintenance of endocochlear potential, thanks to the tight junctions with the HC in their 

luminal domain. Meanwhile, on their basolateral side, they mediate phagocytosis, debris 

removal, and recycling of neurotransmitters and ions. In addition, they participate in the 

maintenance of the TM, synthesizing and secreting proteins that constitute it. During 

development, they are involved in cell patterning, polarity, and synaptogenesis of the 

sensory epithelium (10,11) 

There are several types of SC, from the spiral limbus to the spiral ligament disposed 

of as follows: Hensen’s cells, Deiters’ cells (outer phalangeal cells), pillar cells, and inner 

phalangeal cells (Figure 1.2, B) (5,10,11). 

 
Tectorial membrane          

Above HC resides the TM, an extracellular protein matrix that extends from the spiral 

limbus above the sensory epithelium, submerging the stereocilia hair bundle (Figure 1.2, 

B). Its composition is predominantly water (95%), glycosaminoglycans, several types of 

collagens (II, V, IX, and XI), and seven non-collagenous glycoproteins (tectorins, 

CEACAM16, otogelin, otogelin-like, otoancorin, and otolin) (12). The matrix is built as a 

network of collagen II fibers arranged in parallel, interconnected by the rest of the proteins 

that give consistency to the framework. In addition, some of these proteins interact in the 

anchor with the stereocilia in their upper part (12–14). 

The function of the TM is still being elucidated  (12). Several studies suggest that 

TM experiences movement due to sound stimulation and the basilar membrane’s 

movement. In this way, it creates a plate that slides over the surface of the Organ of Corti, 

subjected to compression and expansion in the radial plane (15). Due to its union with the 

hair bundle, the TM amplifies the input signal received by HC (16). In addition, the TM 

regulates the concentration of Ca2+ ions near the stereocilia, thus regulating the 

responsiveness of the MET channels (17,18). 

 

1.1.1.2 - Mechanotransduction of sound 

Sound perception is based on HC ability to convert mechanical stimuli into 

electrochemical signals, thanks to the MET complex located on the stereocilia surface 

(Figure 1.3, B). These complexes are formed by dimers of non-selective cation channels 
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TMC1/2, with high Ca2+ permeability and TMIE proteins. TMC1/2 and TMIE are attached 

to the CDH23 N-terminus of the tip links (7). 

As previously explained, the vibrations received in the oval membrane move fluids 

inside the inner ear labyrinths. These currents generate deflection of the hair bundle: each 

stereocilium flexes toward its nearest tallest stereocilia due to the tension created by tip 

links. This stiffness triggers the opening of the MET complex, leading to the entrance of 

K+, which depolarizes the HC. Subsequently, an increase in Ca2+ concentration provokes 

the release of neurotransmitters in the HC basolateral side to the synaptic space, exciting 

afferent endings which will take the information to the central (7) (Figure 1.3, B). 

 
Figure 1.3 - Hair bundle and sound mechanotransduction. Created with BioRender.com 

 

 



 

9 
 

Most spiral ganglion fibers that project to the brain come from INNER HC since they 

are the actual sensory receptors. However, nerve endings contacting with outer HC come 

from efferent fibers of intermediate centers as pons (1). 

1.1.1.3 - The stria vascularis  

The third wall of the scala media is formed by the stria vascularis, a highly 

vascularized structure that performs several essential functions (19,20) (Figure 1.2, B). It 

comprises three cell layers arranged from the scala media to the spiral ligament: marginal, 

intermediate, and basal. The primary function of those cell layers is to generate the 

endocochlear potential through recycling ions, especially K+, involved in the depolarization 

of HC, to maintain the electrochemical gradient inside the scala media within acceptable 

mean ranges for cochlear function. Therefore, it has been shown that they express 

numerous ionic channels, transporters, and gap-junctions. Moreover, the intermediate cell 

layer constitutes the blood-labyrinth barrier, composed of pericytes, which are involved in 

angiogenesis and maintenance of vascular integrity; and macrophage-like-melanocytes 

that communicate with tight junctions, controlling the entrance of molecules from the 

blood, in addition, to prevent pathogen infiltration. The basal cell layer is in contact with 

the spiral ligament fibrocytes (19–21). 

 

1.1.2 - The vestibular system 

The vestibular system is responsible for collects information about balance, 

including angular rotation and linear acceleration. It comprises the vestibule and the 

semicircular canals (SCC) (2) (Figure 1.4).  

1.1.2.1 - The semicircular canals 

The three SCC are sensitive to angular rotations. They are arranged in the three 

axes of space: two vertically, superior (SSC) (or anterior) and posterior (PSC), and one 

horizontally, called lateral (LSC) (Figure 1.4).  SSC and PSC converge in part of their 

lengths in the structure known as common crus. In this way, they notice any type of head 

rotation (22). 

In the area of termination of each SCC near the utricle, there is a sac-shape 

widening called ampulla (ampullae in plural), where the sensitive epithelium or crista 

ampullaris is located (Figure 1.4). This structure contains different and specialized cell 

types and structures: vestibular HC, vestibular SC, the cupula, connective tissue, and a 
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network of vascular and nerve fibers (22). Most of these structures have a morphology 

and functioning mechanism very similar to those described for the sensory epithelium of 

the cochlea. However, there are some notable differences to be highlighted. 

The vestibular HC display about 70-100 stereocilia of different heights placed on 

their apical surface, arranged in increasing order, forming a ladder. The tallest 

stereocilium, also known as kinocilium, is located eccentrically at the edge of the surface, 

and all of them point in the same direction (22,23). 

Instead of the TM, over the sensory epithelium lies the cupula, a gelatinous complex 

cover of mucopolysaccharides and keratin. This matrix extends from the crista ampullaris 

through the entire membranous labyrinth along SCC, immersed in endolymph (22) (Figure 

1.4). 

The SC in the vestibular system are less heterogeneous than in the sensory 

epithelium of the cochlea, and only two types of cells have been described. Vestibular 

dark cells are the most studied, constituting the structural base in which HC scaffold. They 

participate in the same functions as the stria vascularis in the cochlear duct, intervening 

in regulating endolymph composition by regulating the flux of ions and small molecules 

and in producing proteins. They exhibit several signs of secretory activity in their 

cytoplasm and basolateral side, including a well-established Golgi, mitochondria, lipid 

droplets, and secretory granules. Moreover, they are involved in cell patterning, polarity, 

and synaptogenesis of the sensory epithelium during development. Along with dark cells, 

a distinct subtype of vestibular SC that is still relatively unknown appears to have 

regenerative abilities and contribute to replacing damaged vestibular HC (10,21,22). 

HC and SC are joined together with tight junctions and desmosomes, which ensure 

the seal between the apical zone bathed by endolymph and the zone below the basement 

membrane filled with perilymph (22). 

1.1.2.2 - The vestibule 

The vestibule is sensitive to kinetic linear accelerations or decelerations but is also 

responsible for localizing the static position of the head in space. It consists of two otolith 

organs: the utricle, arranged in the horizontal plane, and the saccule in the vertical (22,23) 

(Figure 1.4). The saccule connects with the membranous labyrinth of the cochlear duct 

through the ductus reuniens canal. 
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The sensory epithelium of both otoliths is called macula (maculae in plural) (Figure 

1.4). The morphology and disposition of cells and structures in the utricular and saccular 

maculae are similar to the crista ampullaris, with some variations (22). 

 

Figure 1.4 - Morphological and simplified vestibular sensory epithelia cellular structure, including 

hair cells, and vestibular nerves. Created with BioRender.com 
 

As a notable difference, the gelatinous covering that extends over the sensory 

epithelia is designated as an otolithic membrane and contains minuscule crystals called 

otoconia, formed by inorganic particles of calcium carbonate (Figure 1.4) (22,23). There 

is only one type of SC, which carry out the same functions described in the ampulla of the 

SCC. SC are responsible for the synthesis and maintenance of the otolithic membrane. 

The expression of the otopetrin protein, which is involved in anchoring otoconia to the 

gelatinous membrane, is predominantly expressed in the apical microvilli of SC (10). 

Towards the central area of the maculae, there is a distinctive-looking area called 

striola, which divides HC zones with stereocilia showing opposite morphological 
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polarizations. Thus, a stimulus that excites the HC on one of these zones would inhibit 

those on the other. The difference in striola appearance is given by the orientation of HC 

kinocilia, the thickness of the otolithic membrane, and the change in the size of the 

otoconia. In the saccular striola, the otolithic membrane thickness increases, and HC 

kinocilia point away from the striola. On the contrary, in the utricular striola, the otolithic 

membrane thickness is reduced, and HC kinocilia point toward the striola. In addition, in 

both striolae, the otoconia size is reduced from 5-7um to 1um (22). 

1.1.2.3 - Mechanotransduction of angular rotation and linear acceleration 

Just like in the cochlear HC, vestibular HC can depolarize in the presence of a 

stimulus. In this case, the head's angular rotations and linear accelerations/decelerations 

move the endolymph, displacing the cupula and otolithic membranes in the crista 

ampullaris and maculae, respectively. This causes deflection of stereocilia toward the 

kinocilium, tension transmitted by tip links which ultimately trigger the opening of the MET 

channels. The entry of K+ depolarizes the cell, and subsequent Ca2+ entry triggers the 

formation of the synaptic vesicles, their fusion with the plasma membrane in the basal 

surface of HC, and the release of neurotransmitters to afferents (22,23). 

Three types of afferents that innervate vestibular HC can be distinguished: calyx 

afferents, bouton afferents, and dimorphic afferents. Calyx afferents are so named 

because they surround the HC except for the apical part. They are usually located in the 

striolar region. The HC that synapse with these afferents are vessel-shaped and are called 

type I. In bouton afferents, mainly found in the extrastriolar region, the synapse occurs 

only in the basal zone of HC. These afferents contact vestibular HC type II, with a typical 

cylindrical configuration. In addition to afferents, type II cells are also innervated by 

efferent fibers. For its part, dimorphic afferents interact with type I and type II HC, spanning 

across the entire sensory epithelia. Afferent buttons transmit the impulses to the vestibular 

nuclei. Efferent contact afferents and type II HC, and transmit the impulses to the 

brainstem (22,23). 
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1.1.3 - The regulation of endolymph and maintenance of the 
endocochlear potential  

 

The lumen of the membranous labyrinth is filled with endolymph, the fluid that bathes 

the sensory epithelia of the cochlea and vestibular organs. Another fluid, the perilymph, is 

located between the membranous labyrinth and the otic capsule. Both have a different 

chemical composition at basal states, showing the endolymph high concentration in K+ 

and low in Na+, unlike the perilymph, with low levels of K+ and high levels of Na+. This 

difference generates an ionic force called endocochlear potential, whose maintenance is 

necessary for a correct response to auditory and balance stimuli (24). 

Endolymph composition varies throughout the membranous labyrinth, giving rise to 

a different resting potential between the different structures, summarized in Table 1.1 

(24,25). 
 

Table 1.1 - Chemical composition of endolymph in the inner ear (Adapted from Kim et al. (25).  

Structure Vestibule Cochlea ES 

Na+ 9mM 1.3mM 129mM 

K+ 149mM 157mM 8-13mM 

Cl- nd 132mM 124mM 

Protein nd 38mg/dl 1600mg/dl 

Resting 
potential 

-2mV +80mV +15mV 

ES: endolymphatic sac; nd: not described 

Inside the inner ear, endolymph experiences two types of flows: i) a slow longitudinal 

flow from where it is produced to where it is reabsorbed, and ii) a rapid radial flow 

responsible for ions recycling after HC depolarization (26). 

The slow course was defined as the theory of longitudinal endolymphatic flow, 

postulated by Guild et al. in 1927 (27). Endolymph is produced mainly in the cochlear duct, 

thanks to ion transport from the stria vascularis and the perilymphatic space through 

Reissner's membrane. Numerous ion channels, enzymes, and selective transporters are 

involved in this process. A small proportion of endolymph is also produced in the vestibular 

dark cells. Later, endolymph reaches the saccule through the ductus reuniens, navigates 

across the ED, and finally arrives at the lumen of the ES, where it is eventually reabsorbed 
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into the vascular system through the sigmoid sinus (SS) (24,26,27). Some authors tested 

the slow course of endolymph with experiments in which different traceable molecules 

were introduced into the cochlear duct, and its route was followed through the various 

structures over time (3,27). 

The quick course involves several regulatory mechanisms that return endolymph 

and HC cytoplasm to basal ion levels after depolarization, restoring the endocochlear 

potential and making the system sensitive again to new stimuli. In the cochlear duct, K+ 

from the HC basolateral side travels across SC and fibrocytes in the spiral ligament thanks 

to the gap-junction proteins. Once in the stria vascularis, K+ is transported across 

marginals, basal and intermediate cells and released to the scala media (20,21). In the 

vestibule, after the stimulus, the K+ of the HC is captured by the dark cells. These cells 

form a single monolayer that separates perilymph from endolymph. Thanks to tight 

junctions, K+ ions navigate across this epithelium and are finally secreted to endolymph 

through ion carrier transporters (21). 

 

1.1.4 - The non-sensory organs 

The ED and ES are the non-sensory organs of the membranous labyrinth, and, in 

contrast to the cochlear and vestibular systems, they have been less studied, and their 

exact labors are still being delineated (4).  

The membranous labyrinth in the cochlear duct and vestibular organs are cloistered 

within the otic capsule. However, the ED and the ES cross this bony covering through the 

vestibular aqueduct (VA). This bony canal runs parallel to the common crus, the part in 

which SSC and PSC converge. VA gradually widens until its exit from the TB through an 

opening called operculum, emerging into the epidural space in the PCF (Figure 1.5) (4,28). 

The anatomical and morphological structure in the ED and ES does not differ a lot 

between mammals such as rats, guinea pigs, rabbits, mice, and humans, taking into 

account the morphology and ultrastructure of its different cell types, the composition of its 

lumen fluid, or the vasculature and innervation of the tissue that surrounds it (2). 

 

1.1.4.1 - The endolymphatic duct 

The ED emerges from the vestibule, where the saccule and utricle meet. It is a 

simple tubular structure with a cuboidal epithelium surrounding an interior lumen. Two 
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parts can be differentiated in the ED: the sinus constituted as a fusiform bag from the 

fusion of the utricular and saccular ducts and the isthmus, the narrow intraosseous part 

that enters the VA (Figure 1.5) (3,4,29). 

1.1.4.2 - The endolymphatic sac 

The ES begins after the distal area of the isthmus. In contrast to the ED, the ES 

varies greatly in dimensions throughout its length and shows a gradual widening in width 

but not in thickness, giving it a sail-like appearance (30,31). 

The ES can be divided into different parts depending on the criteria used: 

macrostructural/anatomical or morphological/structural (Figure 1.5). According to 

anatomical standards, we can differentiate the intraosseous ES (iES), which runs from the 

internal opening to the external exit of the VA and the extraosseous ES (eES), which 

originates from the operculum, rests on the dura and is exposed to the subarachnoid 

space in the posterior fossa (32). Concerning morphology and ultrastructure, three 

segments can be distinguished: proximal, intermediate, and distal ES (Nordstrom 2020 

thesis). The first studies on the morphology and ultrastructure of the ES epithelium cells 

were carried out on guinea pigs (3,27,29), and later, on mice (33), rats (34,35), rabbits 

and humans (36–38). Although different nomenclatures have been designated for the 

different parts and cells in the different models, the similarity of the structures suggests 

that there are not many differences between vertebrates. 

The proximal part begins after the distal area of the isthmus at the beginning of the 

VA, and the otic capsule surrounds it. The epithelium is formed by thin squamous cells 

showing well-developed basolateral processes. The intermediate section runs inside the 

VA, continues to the operculum’s external opening, and adheres shortly to the dura mater 

in the PCF. The epithelium is mostly cuboidal, except for the part immediately behind the 

VA exit, which briefly becomes columnar. The walls of this portion form an intricate 

network of epithelial folds that give rise to tubules and cisterns, the reason why it is also 

called pars rugosa or pars canalicularis. These tubules protrude into the lumen and can 

fuse, resulting in ES compartmentalization. This network significantly increases the 

epithelial surface in this segment. The distal part, which lies entirely in the dura crossing 

in front of the SS, is called pars intraduralis. This structure is simpler than the intermediate 

zone and consists of a simple lumen surrounded by an epithelium of cuboidal or 

squamous cells (Figure 1.5) (29,30,33,36). 
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Figure 1.5 - Schematic section of the ED and ES, showing intra (iES) and extraosseous 

(eES) segments. Created with BioRender.com 
 

The pars canalicularis has been described as the most active. Ultrastructural studies 

in human and animal models distinguished two similar cell types in this ES section: 

mitochondria-rich cells (MRC) and ribosome-rich cells (RRC) (Figure 1.6). The RRCs are 

the most abundant (~70%) and were characterized by cytoplasm full of ribosomes, 

cytoskeletal components, Golgi complexes, and well-developed rough endoplasmic 

reticulum. Multiple organelles such as pinocytotic vesicles, vacuoles, multivesicular 

bodies, and lysosomes can be differentiated. On the other hand, MRCs occupy around 

~20-25% of the total ES epithelium. As its name suggests, it exhibits a cytoplasm with a 
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high number of mitochondria, a low amount of organelles, and numerous microvilli in their 

apical side (29,33–35,38). 

These findings suggest different functions for the two cell types (28,33,34,38). Thus, 

the MRCs would maintain the endolymph ionic composition thanks to many ion channels, 

transporters, and exchangers arranged in the microvilli of its apical part. The numerous 

characteristic mitochondria would provide the necessary energy to co-transport ions and 

molecules (39,40). For their part, the RRCs would be specialized in protein synthesis and 

secretion into the ES lumen, given the well-developed protein synthesis machinery that 

can be observed in the cytoplasm of these cells (35). Honda et al., differentiated in 2017 

both profiles using single-cell RNA-seq, where RRCs displayed a transcriptomic profile of 

protein synthesis and secretion, and immunity-related, while MRCs indicated ionic 

transport processes (41). 

 
Figure 1.6 - Ultrastructural details of the two types of epithelial cells in the rat ES: mitochondria-

rich cells (MRC) and ribosome-rich cells (RRC) (called chief cells in rats) by transmission (A) and 

scanning electron microscopy (B). L: lumen; C: capillary; N: nucleus; Scale bar 1µm (A) and 10µm 

(B). Images from Qvortrup et al. (35). 
 

1.1.4.3 - Functions of the endolymphatic sac 

Diverse functions have been attributed to the ED and ES, among which are the 

regulation of the ionic composition, the pH, the volume, and the pressure of the endolymph 

in the complete membranous labyrinth, but also the elimination of waste products, and the 

immune response in the inner ear (4). 

1.1.4.3.1 - Regulation of the ionic homeostasis of endolymph  

As previously explained, the endolymph is subjected to a slow or longitudinal flow 

throughout the entire membranous labyrinth. This pathway extends from the production 
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areas (stria vascularis and Reissner's membrane in the cochlea, and vestibular dark cells 

in the vestibular organs) to the ES, where it is finally reabsorbed (26). This process is 

carried out by a broad battery of ion channels, transporters, and exchangers expressed in 

ES epithelial cells. Numerous studies have investigated these molecules in animal models 

and human ES tissue. In some of them, it was possible to identify that they are mainly 

expressed in the abovementioned MRCs.  

Table 1.2 summarizes these molecules, considering the animal or human model 

used in the study, the technique used for its detection, and the localization of the molecule 

in the epithelial ES membrane. Among them, it can be highlighted: i) molecules related to 

water reabsorption, such as aquaporins AQPs 1–4, 6–9; ii) Na+ channels, such as non-

selective ion channels (amiloride-sensitive Na+ channel and epithelial Na+ channel 

(ENaC)) and co-transporters bumetanide-sensitive Na+–K+–2Cl- cotransporter  (NKCC2, 

NKCC1), thiazide-sensitive Na+–Cl- cotransporter (NCC, SLC12A3) and Na+-phosphate 

cotransporter (SLC34A2); iii) pH regulators such as ATPases (Na+–K+–ATPase and H+–

ATPase), carbonic anhydrase (CA), and ion exchangers, both cationic (Na+–H+ exchanger 

(NHE)) or anionic (Cl-–HCO3- exchanger (SLC4A2) or Pendrin (Cl-–HCO3-) exchanger 

SLC26A4); and v) Cl- transporters, such as cystic fibrosis transmembrane conductance 

regulator ion channel (CFTR) (39,40). 

1.1.4.3.2 - Regulation of pressure as an endocrine organ 

The extraosseous distal part of the ES rests on the SS and jugular bulb, which 

gives it a privileged position to monitor and regulate the pressure not only of the 

endolymph in the inner ear but also intracranial or in the systemic venous blood (4,35).  

Moller et al. described the expression of natriuretic peptides and regulators of vascular 

tone in the human ES epithelium (42). Thus, ES may be an endocrine/paracrine organ, 

influencing the hypothalamic-pituitary-adrenal axis and vasopressin-aquaporin-2 

pathway. Several analogies have been observed with the vasopressin system in the ES, 

similar to the regulation of systemic blood pressure in the kidney. The vasopressin 

receptor (V2R) is expressed in the ES epithelium, and the binding of its ligand increases 

the expression of aquaporin-2 (AQP2) and its translocation to the basolateral side of the 

ES epithelium for subsequent water transport. Plenty of studies have shown the 

expression of both AQP2 and V2-R in the PCF in several organism, such as human, rat 

and mouse (Table 1.2) (43–48), and endolymphatic volume increases are observed in 

animals following the administration of vasopressin (49,50). In addition, Eckhard et al., 
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demonstrated that the epithelium of the eES is sensitive to salt intake and that the 

regulation of Na+ through the aldosterone - mineralocorticoid receptor – epithelial sodium 

channel (ALDO-MR-EnaC) pathway occurs in the same way as in the kidney (32).  

 

Table 1.2 - Molecules related to ion transport, transporters, and exchangers in the ES 
epithelium. Adapted and updated from Mori et al., 2017 and Kim et al., 2019  (39,40). 

Molecule Methods and 
techniques 

ES epitelial 
localization Organism Study 

ION CHANNELS     

Na+ channel  
(amiloride-sensitive) 

Electrophysiology apical membrane guinea pigs (51) 

Epithelial sodium channel  
(ENaC) 

RT-PCR, IHC 
more likely  

on the apical side 
human, rat (52,53) 

K+ channel  
(outward delayed rectifier) 

Electrophysiology basolateral membrane guinea pigs (54) 

Non-selective cation channel  
(ATP-activated)  

Electrophysiology apical membrane guinea pigs (55,56) 

Cystic fibrosis transmembrane 
conductance regulator (CFTR)  

RT-PCR, IHC apical membrane rat, human (53) 

Transient receptor potential 
vanilloid: TRPV4, TRPV2, 
TRPV1 

IHC apical membrane 
rat, mouse, 

human 
(45,57,58) 

K+ channels 
KCNN2, KCNK2, KCNK6, 
KCNJ14 

Electrophysiology
/ pharmacology, 

 LC-MS/MS,  
RT-PCR, IHC 

MRC,  
apical membrane 

human (25) 

ATPase     

Na+–K+-ATPase 
IHC, ME,  

LC-MS/MS 
more likely  

on the apical side 
guinea pigs, 

human 
(25,59,60) 

H+-ATPase  IF, IHC apical membrane 
guinea pigs, 

mouse 
(61,62) 

Carbonic anhydrase  
membrane (CA) 

IHC, ME cytoplasm, vacuoles 
guinea pigs, 

mouse, 
chinchilla 

(63–65) 

ION EXCHANGERS     

Cation exchanger    
Na+–H+ exchanger  
(NHE) 

RT-PCR, 
Electrophysiology 

Fluorimetry 

more likely on the 
apical side for NHE2 

and NHE3; and 
basotateral for NHE1 

guinea pigs, 
human 

(66,67) 

Anion exchangers     

Cl-–HCO3 - exchanger  
(SLC4A2)  

IF basolateral membrane guinea pigs (61) 

Pendrin  
(HCO3-/Cl exchanger; 
SLC26A4) 

Electrophysiology
, IHC, TEM, RT-

PCR 
MRC, apical membrane 

mouse, 
human 

(25,62,68–
70) 
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Molecule Methods and 
techniques 

ES epitelial 
localization Organism Study 

CO-TRANSPORTERS     

Bumetanide-sensitive  
Na+–K+–2Cl- cotransporter  
(NKCC2, NKCC1) 

RT-PCR, ISH, 
IHC, IF, cDNA 

microarray 
apical membrane rat, human (46,70–72) 

Thiazide-sensitive  
Na+–Cl- cotransporter  
(NCC, SLC12A3) 

RT-PCR, ISH, 
IHC, IF, cDNA 

microarray 
apical membrane rat, human (70,73) 

Na+-phosphate cotransporter 
(SLC34A2) 

 apical membrane human (70) 

AQUAPORINS (AQPS)     

AQPs 1–4, 6–9 RT-PCR, IF 
Basolateral: AQP3,4; 

apical: AQP2;  
both AQP1. 

rat (43,46) 

AQPs 1–3 IF 
AQP1 and AQP3 

(slight) basolateral; 
AQP2 apical;  

mouse (48) 

AQPs 1–4  IHC, ISH 
Basolateral: AQP3,4; 

apical: AQP2;  
both AQP1. 

human (44,45,48) 

ES epithelial localization refers to the type of cells: mitochondria-rich cells (MRC) or 
ribosome-rich-cells (RRC), and the side in which the signal was observed (apical or 
basolateral side). RT-PCR: reverse transcription polymerase chain reaction; IHC: 
Immunohistochemistry; IF: immunofluorescence; LC-MS/MS: liquid chromatography 
tandem mass spectrometry; EM: electron microscopy; ISH: in situ hybridization.  

 

1.1.4.3.3 – Immune response in the inner ear 

The membranous labyrinth was initially thought to be immunologically inactive and, 

as the brain, isolated from the bloodstream in a way similar to the blood-brain barrier. 

However, early evidence of immune cells was found in the membranous labyrinth, mainly 

in the ED and ES (74). 

Macrophages and lymphocytes have been found to interact in the epithelium and 

perisaccular tissue of the ED and ES, just in the way they usually are seen in lymphoid 

tissues during antigen presentation. These findings have been discovered in human tissue 

and animal models, such as mice or guinea pigs (33,38,74,75). In addition to 

macrophages and lymphocytes, plasma cells, monocytes, or mast cells have also been 

seen in the perisaccular tissue. In general, these cells expressed surface markers, 

molecules for extravasation and migration, or immunoglobulins IgG and IgM, suggesting 

an active role in inner ear defense (74–76). In fact, Moller et al analyzed gene expression 

from human ES tissue, obtaining many expressed genes related to the innate humoral 
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and cellular immune response, including Toll-like receptors 4 and 7, β-defensin, and 

lactoferrin (77). 

Besides, it seems that the inner ear carried out an active immune activity. On the 

one hand, pathogens or antigens in the inner or middle ear would be intercepted by 

macrophages and transported to the distal part of the ED lumen. There, they would be 

phagocyted by macrophages and present their antigens to lymphocytes, triggering innate 

and adaptive responses. But increases of Na+ in ES or stria vascularis could also activate 

inflammasome, promoting macrophage activation, and generating an inflammatory 

response. Debris of phagocytic processes is observed in the lumen of the distal part of 

the ES (75,76). 

In addition to ES and ED, macrophages also reside in the stria vascularis and spiral 

ligament, where they control tight junctions permeability and phagocyte cellular debris 

(78); but also in the synapses of SC and HC with SGN, implicated in immunomodulatory 

and nerve regeneration functions (79,80). 

 

 

1.1.5 - Innervation and vascularization of the inner ear 

1.1.5.1 - Innervation of the inner ear 

The inner ear is innervated by the vestibulocochlear nerve or cranial nerve VIII, 

which emerges from the brainstem and splits into a vestibular and a cochlear division. The 

vestibular division turns posteriorly to form the vestibular ganglion and supply the 

vestibular system. The cochlear division turns anteriorly to form the spiral ganglion and 

innervates the cochlea (22,23).  

Neurons from the cochlear and vestibular divisions, called spiral and vestibular 

ganglion neurons (SGN and VGN), respectively, are bipolar, hosting their cell bodies in 

the spiral and vestibular ganglions, respectively, while their dendrites terminate ultimately 

in synaptic boutons making contact with HC of the sensory epithelia (22). 

1.1.5.2 - Vascularization of the inner ear 

The labyrinthine artery provides the main blood supply to the inner ear, dividing into 

two branches: the anterior vestibular artery and the common cochlear artery. The anterior 

vestibular artery supplies the utricle, ampullae of SSC and LSC, ad a small fraction of the 
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saccule. The common cochlear artery supplies the cochlea, the PSC ampulla, and most 

of the saccule (81). 

On the other hand, venous blood is drained by vestibular veins from the vestibular 

system and spiral modiolar veins from the cochlea. Both branches merge to form the 

labyrinthine vein, which crosses the VA and bails into the SS, on which the ES rests (81). 
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1.2 - Meniere Disease 

Meniere Disease (MD, OMIMM 156000)  is a disorder of the inner ear characterized 

by recurrent episodes of spontaneous vertigo and ipsilateral cochlear symptoms, such as 

fluctuating episodes of sensorineural hearing loss (SNHL), tinnitus, and aural pressure 

(82). In addition, manifestations may not be limited to the inner ear and may be 

accompanied by other comorbidities such as migraine, allergic processes, and several 

autoimmune or autoinflammatory disorders (26,82). 

The disease does not manifest in the onset with the complete clinical picture: vertigo, 

SNHL, and tinnitus. Most commonly, it appears as a partial syndrome with vertigo attacks 

but without hearing symptoms, although some patients also initiate with intermittent SNHL 

with or without tinnitus. 
 
 

 

1.2.1 - Clinical symptoms 

1.2.1.1 - Vertigo 

Vertigo is the most disabling symptom at the beginning of the disease, appearing in 

around 90% of patients. It consists of the perception of rotation in the individual’s 

environment without real movement, producing an imbalance sensation that implicates 

the risk of falling. It occurs as a consequence of vestibular dysfunction, probably due to 

changes in endolymph pressure or composition that cause abnormal excitation of the 

utricle, saccule, or SCC (83). Vertigo attacks appear spontaneously at the onset, lasting 

from minutes to hours. Episodes accumulate in periods of several weeks, where at least 

one day separates each attack from the next, followed by remission intervals. These 

vestibular events may be preceded by tinnitus, decreasing hearing, and aural fullness in 

the affected ear and can be accompanied by nausea and vomiting. In the first 10 years of 

the disease, the frequency of vertigo decreases significantly, the following 10 years 

stabilizes, and then gradually disappears (84,85). 

1.2.1.2 - Sensorineural hearing loss  

SNHL is a fluctuating symptom at the onset of MD but is more stable over time than 

vertigo. Initially, SNHL appears acutely in the affected ear/ears as a prequel to vertigo 

attacks and disappears after the crisis. As the disease progresses, the SNHL worsens 

with each event, becoming permanent and reaching moderate to severe levels. The 

presentation of SNHL can be unilateral or bilateral if it affects one ear or both, respectively. 
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When SNHL appears bilaterally at the onset, it is described as synchronic SNHL, while if 

it started unilaterally and affected the contralateral ear over the years, it is termed 

metachronic SNHL (85,86). In unilateral patients, SNHL typically affects low and middle 

tones and usually aggravates during the first 5-15 years to stabilize later. In contrast, 

bilateral cases finally influence all frequencies to produce a flat audiogram. The severity 

of SNHL is usually greater in bilateral cases (87). SNHL monitoring is performed by pure-

tone audiometry (PTA) (Figure 1.7), considering impaired frequencies those with 

thresholds lower than 20dB. 

 

Figure 1.7 – PTA from non-affected (A) and affected (B) hearing individuals. On the X axis, the 

frequencies are represented in kilohertz (kH), including low (≤ 500 kH), medium (500 - 3000 kH), 

and high (≥ 3000 kH) tones. High frequencies are those involved in the range of speech; therefore, 

their alteration is the most disabling. The Y axis represents the patient’s sensory thresholds in 

decibels (dB). Thresholds above or equal to 20 correspond to unaffected hearing. There are 

different levels of impairment, including mild, moderate, severe, and profound. For example, patient 

B has mild-to-moderate hearing impairment at low frequencies in the left ear and mild impairment 

in high tones in the right ear. 
 
 

1.2.1.3 - Tinnitus 

Tinnitus is defined as the perception of sound inside the ear in the absence of real 

sound. Some patients describe it as a low-tone noise, like a seashell or smooth engine, 

while it is perceived whistle to others. The prevalence of tinnitus in patients with MD is 

more frequent than in other etiologies. Initially, it is intermittent and appears as a prequel 

to vertigo attacks. As the disease progresses, matching with the improvement of vertigo, 

the tinnitus disappears in 80% of patients but can also become persistent and louder 

(83,85). Furthermore, as the SNHL worsens over time, the patient becomes more isolated, 
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and tinnitus becomes more evident (83,88). Tinnitus can become the most disabling 

symptom of MD in advanced stages and has been widely associated with anxiety and 

(89). 

1.2.1.4 - Aural fullness 

As tinnitus, aural fullness usually appears acutely preceding the vertigo attacks in 

the early stages of MD. However, constant manifestations have also been described. It 

arises as a feeling of pressure and blockage inside the ear. Around 20% of patients do 

not experience this symptom (85).  

 

As a summary of this section, Figure 1.8 outlines a timeline of the onset and 

progression of symptoms. 

 

Figure 1.8 - Timeline diagram of clinical symptoms progression in MD. 
 

 

1.2.2 - Comorbidities 

MD shows overlapping symptoms with other pathologies, such as vestibular 

migraine or migraine. Vestibular migraine is defined by past or ongoing history of 

migraineous events accompanied by vertigo in at least 50% of the episodes. It is essential 

to consider the accompanying symptoms to discard an incorrect diagnosis of MD and VM. 

In VM, vestibular attacks coincide with migraine-type headache, visual aura, or 

photo/phonophobia, meanwhile, MD vestibular episodes coexist with tinnitus, aural 

fullness, and SNHL (90). However, hearing loss may also occur in VM, usually showing 
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bilateral affection from the onset that does not progress to severe levels over time. On the 

contrary, SNHL in MD often starts as unilateral, worsening with disease development (91). 

In 2019, Flook et al., initiated research on the molecular differentiation of MD and MV, 

identifying two profiles of proinflammatory cytokines between both groups (92). On the 

other hand, migraine without vestibular symptoms can also mislead between MD and VM 

since migraine occurrence is more frequent in MD patients than in the general population 

(86,93). 

Immune-related comorbidities have been described in MD patients, suggesting that 

the immune system plays a role in the etiology or progression of the disease (94,95). 

Some systemic autoimmune diseases have been described as more frequent in MD 

patients than in the general population, like rheumatoid arthritis, asthma, chronic fatigue 

syndrome, irritable bowel syndrome, gastro-esophageal reflux disease, psoriasis, 

systemic lupus erythematosus, and ankylosing spondylitis (94,96,97). Allergic processes 

are also present in more than 50% of MD patients, of which 44% usually have high IgE 

levels in their blood. It has been observed that allergen exposure can trigger the symptoms 

of MD (98,99). 

Another disease that can also be confused with MD during diagnosis is autoimmune 

inner ear disease (AIED). During its development, the inner ear itself is the target of the 

autoimmune reaction. This condition is characterized by recurrent bilateral SNHL 

episodes spanning several weeks to months. It can start as unilateral but usually spreads 

rapidly to the contralateral ear. Vestibular involvement can also appear in 50% of patients. 

AIED is considered primary when the ear is the only organ affected or secondary when it 

coexists with other systemic autoimmune diseases, which occurs in 30% of patients. 

People with AIED often have elevated levels of proinflammatory cytokines such as IL-1β 

and TNF-α (100). 

 

1.2.3 - Epidemiology 

The prevalence of MD varies according to ethnic background and world region, 

ranging from 3-500 out of 100.000 individuals. European descending populations expose 

the most significant disease rates, being the highest at 513 per 100.000 in Finland. Asian 

or Native American regions exhibit the lowest abundance, with 3.5 per 100.000 in Japan 

(83,85).  
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MD can be classified as familial (FMD) or sporadic (SMD). Most described cases 

are sporadic (86,101), being familiar aggregation described in 5-20% of patients in 

European descendants (102,103). FMD is considered when at least one relative in the 

first or second degree satisfies probable or definitive MD criteria. In a scenario where the 

proband has several family members with a history of migraine, vertigo, or SNHL, 

relatives' medical history must be deeply investigated to confirm or discard MD incomplete 

phenotypes (104,105). 

The distribution by sex depends on the population studied, but it generally displays 

female dominance (82,83). Referring to onset, patients exhibit wide variations concerning 

the age of onset, but the first symptoms begin in the fourth or fifth decade of life. About 

10% of patients debut with 65 years or more. Pediatric MD is rare, described in 0.5-7% 

(83,85). In the onset, it usually starts as a partial syndrome, being 5-10 years between the 

first symptoms and the complete clinical picture (83,106) (Figure 1.8).  

Focusing on SNHL, the proportion of unilateral and bilateral changes dramatically 

depends on the stage of the disease in the patients studied. Typically, bilaterals account 

for about 25% of patients, of which about 10% started as synchronic SNHL and 15% 

evolved from unilateral to bilateral (metachronic SNHL). This means up to half of the 

unilateral patients have the contralateral ear affected over time, in a range of 10-20 years 

(83,85,107). 

 

1.2.4 - Diagnosis and classification of MD clinical subgroups 

The clinical heterogeneity of MD makes its diagnosis difficult. For this reason, during 

the last decade, several clinical consortiums have proposed unifying the diagnostic 

standards guidelines. In 2015, the Classification Committee for Vestibular Disorders of the 

Bárány Society, The Japan Society for Equilibrium Research, the European Academy of 

Otology and Neurotology (EAONO), the Equilibrium Committee of the American Academy 

of Otolaryngology-Head and Neck Surgery (AAO-HNS) and the Korean Balance Society 

redefined an updated the diagnosis criteria (108). Thereby, i) definite Meniere and ii) 

probable Meniere can be distinguished (Table 1.3). These criteria are essentially 

symptomatologic since no radiological or biological markers are normalized for diagnosing 

the disease (108). 
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Table 1.3 - Diagnostic criteria for definite and probable MD (108) 

Definite MD 

A.     Two or more spontaneous episodes of vertigo, each lasting 20 minutes to 
12 hours. 

B.  Audiometrically documented low- to medium-frequency sensorineural 
hearing loss in one ear, defining the affected ear on at least one occasion 
before, during, or after one of the episodes of vertigo. 

C.    Fluctuating aural symptoms (hearing, tinnitus, or fullness) in the affected 
ear. 

D.    Not better accounted for by another vestibular diagnosis 

Probable MD 

A.  Two or more episodes of vertigo or dizziness, each lasting 20 minutes to 24 
hours. 

B.  Fluctuating aural symptoms (hearing, tinnitus, or fullness) in the affected ear. 

C.  Not better accounted for by another vestibular diagnosis 

 

These efforts to standardize MD seek to improve accuracy in diagnosis, avoiding 

the overdiagnosis in patients with overlapping audiovestibular symptoms, mainly 

vestibular migraine or hearing loss, but also the other MD comorbidities such as migraine, 

allergies, or autoimmune diseases (108). With this purpose, several clinical predictors 

have been utilized to define clinical subgroups within MD, differentiating unilateral or 

bilateral, including history of autoimmunity, history of migraine, presence, or absence of 

affected relatives, and SNHL onset. The clustering of MD patients based on these 

predictors has allowed the definition of five subgroups (Table 1.4). Types 3, 4, and 5 are 

the same for unilateral and bilateral MD types: Type 3 includes patients with FMD without 

migraine; Type 4 contains SMD patients with migraine; and Type 5 are those with 

autoimmune diseases. In bilateral MD: Type 1 comprises patients with metachronic 

hearing loss, without migraine and autoimmune diseases, and Type 2 consists of patients 

with synchronic hearing loss, without migraine and autoimmune history. In unilateral MD, 

Type 1 includes SMD without migraine and autoimmune diseases; Type 2 contains those 

with hearing loss that preceded the vertigo events by months or years (delayed), without 

migraine and autoimmune diseases. In both classifications, sporadic cases were the most 

abundant (86,101). 
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Table 1.4- Clinical subgroups and prevalence per group in MD according to Frejo et al., 
(86,101). 

Subgroup Patients (%) Definition 

BILATERAL MD 

Type 1 46 SMD, with metachronic SNHL  

Type 2 17 SMD, with synchronic SNHL  

Type 3 13 FMD 

Type 4 12 SMD accompanied by migraine 

Type 5 11 SMD accompanied by autoimmune disease 

UNILATERAL MD 

Type 1 53 SMD 

Type 2 8 Delayed MD 

Type 3 13 FMD 

Type 4 15 SMD accompanied by migraine 

Type 5 11 SMD accompanied by autoimmune disease 

 

1.2.5 - Etiology and pathophysiology of MD 

MD is a multifactorial disorder with disparate symptoms and comorbidities. 

Therefore, its pathophysiology must be approached by different etiologies: i) immune- 

related etiology, ii) alterations in the endolymphatic flow, and iii) genetic background. The 

different factors may be more or less relevant in each MD group. 

1.2.5.1 - Impaired endolymphatic flow 

Endolymphatic hydrops 

One of MD most characteristic histopathological findings was the presence of 

endolymphatic hydrops (EH), which refers to the distention or swelling in the membranous 

labyrinth by increment in the endolymph volume. It occurs mainly in the inferior end 

organs: the cochlear duct and the saccule. EH rarely appear in the vestibular organs but 

can be observed confined to the cochlear duct (26).  

EH were primarily noticed in extensive post-mortem studies of TB from MD patients. 

In the tissues of patients in the early stages, EH began in the saccule and the cochlear 
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duct as a slight expansion of the scala media. Reissner's membrane displaces when the 

disease advances and the scala media enlarges to almost or entirely occupy the scala 

vestibuli. In the saccule, the walls expand until they meet the stapes and can even displace 

the utricle. As the most drastic consequence, the membranous labyrinth breaks, rupturing 

more frequently in Reissner's than in vestibular membranes (109,110). Rupture of the 

membranous labyrinth was more common in MD patients than in individuals only with EH 

(110). In general, EH were found in all ears affected by MD, but not all ears with EH had 

developed symptoms of MD (111,112).  

In addition to EH, TB from MD individuals had poor pneumatization (113,114) and 

displaced lateral sinus (115). Affections of the SGN have also been described, both loss 

of neurons and decreased synapses with HC (116–118). 

 

Abnormalities of the ED and ES 

In addition to EH, other macrostructural features were evident between the TB of 

MD patients and controls. VA appeared shortened, hypoplastic, or with a narrower cranial 

fossa opening (113,114). The ED and ES were also affected, with a smaller ED isthmus 

and partial or complete reduction of the ES lumen volume (119,120). At the microstructural 

level, loss of integrity by fibrotic processes in the epithelium of the ES and saccule was 

described, which were either fibrotic or absent (32,119,120). Therefore, the presence of 

EH was linked to other abnormalities in the ED and ES.  

Numerous studies have proposed endolymph malabsorption in the ED and ES as 

the basis for explaining the etiology of MD. In this hypothesis, abnormal 

function/structure/anatomy of the VA, ED, and ES will create a deficit of endolymph 

absorption that would start to accumulate (117). These alterations could develop EH 

slowly and silently in the patient, increasing in severity with the progression of the disease. 

The onset of symptoms could coincide with advanced EH, in which extreme events like 

membranous labyrinth ruptures would produce a mixture of perilymph and endolymph. 

Loss of the endocochlear potentials would result in depolarization/hyperpolarization of the 

sensory epithelia, causing acute vestibular or auditory symptoms (117). These theories 

have been supported by animal studies in which part of the ED or ES were obstructed or 

dissected led to the production of EH in the cochlear duct, although vestibular findings or 

symptoms were never observed (109,121) 
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1.2.5.2 - Autoimmunity, autoinflammation, and allergy   

Since various studies have indicated that some autoimmune disorders are more 

prevalent among MD patients than in the general population, autoimmunity has been 

suggested as another potential triggering factor in MD (94,96). Some of these include 

rheumatoid arthritis, psoriasis, systemic lupus erythematosus, atopic dermatitis, non-

allergic asthma, and thyroid diseases (94,96,97,122,123). Supporting this hypothesis, 

circulating immune complexes in blood of MD patients were increased in 7% of patients 

during the inter-crisis period (124), and autoantibodies and antigens, including interferon 

regulatory factor 7 and various immunoglobulins have been found elevated in the inner 

ear fluid from MD patients compared to healthy individuals (125). In patients with AIED, 

high levels of proinflammatory cytokines, including IL-1β and TNF-α, have been 

described. Interestingly, some of the AIED patients resistant to corticosteroids improved 

their auditory response and decreased IL-1β levels after treatment with IL-1 receptor 

antagonists (126,127). Moreover, immune-related genes (MICA, TLR10, NFKB1, 

PTPN12, HCFC1) carrying genetic variants have been described in MD patients and 

associated with the development of the disease (128). One of the variants in NFKB was 

present in 18% of patients with MD and a comorbid autoimmune disease (129).  

On the other hand, an autoinflammatory etiology has been proposed based on 

consistently detecting elevated proinflammatory molecule levels in patients with MD. 

Several cytokines, including CCL18, CCL22, and CCL4, significantly differed in cultured 

PBMC from MD, migraine patients, and healthy individuals (130). TNF-α, IL-6, and INF-γ 

were upregulated in the luminal fluid of the ES in affected unilateral MD patients compared 

with the contralateral control ear (131). Some autoinflammatory diseases that course with 

SNHL seem to have a similar pathogenesis mechanism, in which an abnormal activation 

of the NLRP3 inflammasome is observed in the resident macrophages within the mouse 

cochlea, producing a release of IL-1β that would mediate local inflammation and trigger 

the associated symptoms (132).  

Allergic processes are also more frequent in MD patients, both to inhaled and 

ingested allergens. Available antihistamine treatments and allergy-causing foods removal 

from the diet improve audiovestibular symptoms in some MD patients (133,134). 

According to this premise, several investigations have shown that MD patients show 

higher serological levels of IgE and proinflammatory cytokines such as IL-4, IL-5, IL-10, 

IL-13, IL-6, IL -1β, IL-1RA, and TNF-α (99,135–138). IgE and histamine receptors have 
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been found in the inner ear of human and animal models, such as mice and rabbits (139–

142). Frejo et al., described that stimulation of PBMC with Aspergillus and Penicillium in 

patients with MD and elevated basal cytokines triggered an exacerbated inflammatory 

response with the release of TNF-α (99). 

 

1.2.5.3 - Genetics 

Numerous pieces of evidence suggest a genetic contribution in MD, according to the 

ethnic prevalence and the familial aggregation described for the European and Asian 

populations. In the last 10 years, several advances have been made in understanding the 

genetic basis of MD, both sporadic and familial, but the underlying mechanisms are still 

not fully understood (103,128). Candidate genes have different functions, from structural 

proteins in the hair bundle to oxidative stress or axonal guidance proteins (103,143). 

FMD has been found in 5-20% of cases in European descendants, with a 

predominantly autosomal dominant inheritance pattern with incomplete penetrance and 

anticipation (102–104). However, families with autosomal recessive, digenic, and 

multiallelic inheritance have also been described (Roman-Naranjo 2020; Gallego-

Martinez 2020).  

According to the autosomal dominant inheritance pattern, 9 genes are involved in 

FMD, including FAM136A, DTNA, PRKCB, COCH, DPT, SEMA3D, TECTA, GUSB, and 

SLC6A7 (143,144). Most variants in these genes have not been replicated in other 

families, which suggests they could be private causal variants in specific families. 

However, Roman-Naranjo et al., reported variants in the TECTA gene shared between 2 

unrelated Spanish families with MD (144).  

In autosomal recessive inheritance, 4 genes have been identified, including HMX2, 

LSAMP, OTOG, and STRC (145–148). OTOG seems crucial in recessive MD Spanish 

cohorts since 16% of MD families showed segregation of variants in this gene, and several 

unrelated families shared the same rare variants (148).  

Another possible genetic model considers digenic inheritance. This hypothesis has 

been extrapolated from some families where co-segregation of variants in at least two 

genes previously related to different types of SNHL has been found. In these MD families, 

rare and novel variants in MYO7A segregate in some relatives with other variants in 

CDH23, PCDH15, and ADGRV1 (149).  
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Many of the previously highlighted genes have an essential structural function being 

part of the junctions between stereocilia, as fundamental components of the TM and 

otolithic membranes, or binding the stereocilia to these gelatinous matrices. These 

findings support a structural cause in FMD. First, α-tectorin and otogelin (codified by 

TECTA and OTOG, respectively) are fundamental components of the tectorial and 

otolithic membranes (150,151). Tectorin interconnects the collagen fibers and anchors the 

TM to the surface of the stereocilia. Abnormal collagen assembling and glycoprotein 

diffusion have been observed when the anchoring C-terminal extreme of α-tectorin is 

impaired, as occurs in the shared variants discovered by Roman-Naranjo et al., (144,151). 

Second, MYO7A, CDH23, PCDH15, ADGRV1, STR, and OTOG (encoding for myosin 

VIIa, cadherin-23, protocadherin-15, adhesion G-protein coupled receptor V1, stereocilin 

and otogelin, respectively), play a role in the junctions between stereocilia (8,14,152,152). 

Myosin VIIa intervenes in the organization of the actin cytoskeleton in the stereocilia 

backbone but also connects actin to tip links (formed by cadherin-23 and protocadherin-

15) on the surface of the stereocilia and to ankle links (constructed by adhesion G-protein 

coupled receptor V1 units) in the anchorage of stereocilia to the cuticular plate (8,152). 

Furthermore, the transmembrane zone of protocadherin-15 interacts with MET channels 

in the anterior stereocilia, and the accumulation of variants in these genes could impair 

the interaction and opening of the MET channels during sound mechanotransduction 

(8,103). Stereocilin and otogelin play a joint role since stereocilin anchors top horizontal 

connectors, formed by otogelin and otogelin-like dimers, between stereocilia membranes 

(14). Third and last, stereocilin on the surface of the stereocilia interacts with tectorins to 

anchor the membrane to the hair bundle (14). A correct anchorage between the stereocilia 

and the otolithic and TM is essential to ensure the ionic microenvironment in the hair 

bundle, ensuring the responsiveness of MET channels. Tecta-/- knockout mice, 

characterized by decreased hearing sensitivity, showed deficient TM anchoring and 

abnormal Ca2+ ion composition near the hair bundle environment (17,18). 

The analysis of sporadic cases has been approached through genetic studies of 

large cohorts. In these investigations, the accumulation of rare variants in the cases is 

compared with control databases for that specific population (128). Gallego et al. 

described a burden of rare variants in genes previously associated with SNHL in a 

Spanish cohort of 890 patients. Among these, some have been previously related to 

autosomal dominant or recessive SNHL, such as GJB2 and ESRRB, respectively; genes 

involved in the ionic regulation of endolymph, such as SLC26A4 and CLDN14; and genes 
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related to syndromic vestibular hypofunction in Usher syndrome such as USH1G (153). 

In addition, genes involved in axonal guidance pathways, such as NTN4 or NOX3, have 

also revealed a load of variants in MD patients (154). Although these studies have shed 

light on the genetic basis of MD in sporadic individuals, replication of the genes found in 

other cohorts is required to give weight to the causality of these genes. 

The variability in the function of the genes pointed out in these studies would explain 

the phenotypic heterogeneity of MD among patients. 

 

1.2.6 - Endotypes of Endolymphatic Sac in MD 

In 2019, Eckhard et al. described two histopathological subtypes of ES, designated 

as i) hypoplastic and ii) degenerative. The findings were found in a postmortem study of 

the TB of 24 patients with idiopathic MD and EH. Evaluation of the epithelium described 

that the eES in the degenerative endotype contained mainly shrunken or extruded 

epithelial cells, pyknotic nuclei, and fibrosis in areas of complete epithelial loss. In contrast, 

in the hypoplastic subtype, the ES ended abruptly in the operculum, with the eES 

completely absent. The iES was intact in both cases (32). Both alterations would result in 

the alteration of the epithelium and its functions in regulating the composition of the 

endolymph, the pressure within the membranous labyrinth, and immunological or 

secretory roles. Inspection of the medical records of the patients whose TB had been 

examined indicated a clinical-histopathological correlation. Specifically, the hypoplastic 

group showed a family history of MD, early onset, bilateral involvement, and greater 

severity of EH, while the degenerative group showed late onset and unilateral MD 

affection. The finding of ES hypoplasia, both bilateral and unilateral, was correlated with 

a diagnosis of MD in the affected ear or ears (32). 

Subsequently, the method for distinguishing the two subtypes was adapted for 

examination in computed tomography (CT) images by calculating the Angular Trajectory 

of the Vestibular Aqueduct (ATVA) marker. This approximation calculates the angle 

formed by the entrance trajectory of the VA into the TB from the vestibule and the exit 

trajectory of the VA from the TB towards the PCF at the level of the operculum. Therefore, 

hypoplastic cases were those with an ATVA>140º and degenerative cases with an 

ATVA<120º. In the TB for which histological sections and CT scans were available, ATVA 

measurements were replicated with low variability (maximum 10º difference) between the 

two techniques for both controls and MD cases. The development of this method 
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facilitated the screening of these endotypes in the population, as a CT scan is a simple 

and routine test used in otolaryngology medical units (155). 

 Bachinguer et al. thus sought to confirm the clinical-histopathological correlation 

between the two subtypes proposed by Eckhard et al. This retrospective study was based 

on a larger cohort of 92 MD individuals who underwent high-resolution computed 

tomography (CT) or gadolinium-based magnetic resonance imaging. The results refined 

the clinical differences that distinguish the two groups. The degenerative patients revealed 

a higher frequency of vertigo attacks and severely reduced vestibular function, and their 

condition was almost exclusively unilateral. The hypoplastic subtype showed male 

preponderance, higher frequency of bilateral involvement, findings of TB abnormalities 

such as dehiscence of the semicircular canal, and a positive family history of hearing loss, 

vertigo, and MD. These results validated that these subtypes can be considered different 

disease endotypes (156).  

As in the study of Eckhard et al., (2019), unilateral and bilateral ES hypoplasia 

displayed in the same ear or ears affected by MD (32). Furthermore, it is suggested that 

there is a high risk that patients with bilateral ES hypoplasia, but unilateral MD will 

eventually develop bilateral MD. This hypothesis was verified in posterior studies, where 

69% of patients with bilateral ES hypoplasia and unilateral MD developed symptoms in 

the contralateral ear in an average of 12 years. On the contrary, patients with unilateral 

ES hypoplasia and unilateral MD remained only affected in one ear (157). 

Identifying different endotypes within a disease can help to establish the diagnosis, 

improve clinical decision-making, and predict the evolution and prognosis of the disease. 

Therefore, the main objective of this project is to describe the association between the 

phenotypic variability observed in individuals with ES hypoplasia and the possible genetic 

variants that may be involved in its pathogenesis. The results will improve the genetic and 

molecular characterization of these endotypes in MD. 

 

  



 

36 
 

1.3 - The genetics of diseases  

1.3.1 - NGS technologies in the discovery of genetic disease 

In recent decades, the technology for sequencing genetic material has evolved 

significantly, from Sanger sequencing to next-generation sequencing. In this process, we 

have progressed from sequencing small fragments of DNA, with expensive cost and time-

consuming procedures, to being able to sequence large-scale projects where the entire 

genome and exome of thousands of individuals can be addressed in a considered time 

and at a lower cost (158,159). 

Massively parallel DNA-sequencing or Next Generation Sequencing (NGS) 

methodology has revolutionized our approach to medical genetics, becoming an 

indispensable tool for identifying genetic variants associated with diseases. The most 

used procedures are genetic panels, whole exome sequencing (WES), and whole genome 

sequencing (WGS), ordered in increasing cost, difficulty in analysis, and scope. Genetic 

panels are fast and cheap, with low production of artifacts and low complexity in the 

analysis. However, it is a targeted methodology that does not reveal new disease-causal 

genes. WES has dominated rare disease research in recent years. In this procedure, only 

the exomes are sequenced, that is, the coding parts of genes that will be translated into 

proteins. These regions represent only 1-2% of the total genome, which makes WES a 

more profitable method in terms of cost, time, and complexity of analysis than WGS. 

Furthermore, over 85% of the variants associated with disease pathogenesis have been 

found in exonic regions. Therefore, WES can potentially discover the genetic causes of a 

rare disease, mainly in monogenic disorders, but also in complex or common pathologies 

(158,159). However, we must remember that with WES, we are losing those variants 

found in non-coding regions, mainly regulatory regions that affect gene expression and 

epigenetic modifications (160). 

It is expected that this technology will continue to advance and, in a few years, will 

allow a personalized study of the genetics of diseases. 

 

1.3.2 - Genetic variants 

Sequencing technologies allow us to identify the genetic variants of an individual or 

cohort with a particular pathology. In this way, we can obtain information about the genetic 
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basis of the disease and the biological pathways affected and thus develop specific 

treatments. 

Genetic variants are alterations in the DNA sequence that contribute to the diversity 

observed among individuals. These variations can be inherited or arise spontaneously, 

and they play a crucial role in determining our unique traits and susceptibility to certain 

diseases.  

There are several types of genetic variants, including single nucleotide variants 

(SNV), short Insertions and Deletions (InDels), copy number variants (CNV), and large 

structural variants (LSV). 

1.3.2.1 - Single Nucleotide Variant  

SNV are the most common type of genetic variation. They involve a change in a 

single nucleotide base pair in the DNA sequence.  

SNV are referred to as coding or non-coding if they affect the coding-protein regions 

or not, respectively. Coding SNV may be non-synonymous if they produce an amino acid 

change or synonymous if there is a nucleotide modification but no amino acid change due 

to the degeneracy of the genetic code. Non-synonymous SNV can be non-sense, also 

called loss-of-function variants (LoF), if the amino acid change results in the appearance 

or disappearance of a stop/start codon; or missense if the change produces an amino acid 

replacement (Figure 1.9, A). 

Non-coding SNV are found in areas of the genome whose functional significance is 

still being elucidated, such as untranslated regions, non-coding RNA, or alternative 

splicing sites. These areas are thought to have regulatory effects on the coding regions. 

1.3.2.2 - Short Insertions and Deletions 

 InDels are genetic variants that involve inserting or deleting nucleotides in the DNA 

sequence. These variants can range in size from a single base pair to larger sections of 

DNA (2-10.000bp). Indels are classified as frameshift or non-frameshift, depending on if 

they alter the reading frame of a gene. Frameshift or non-frameshift InDels are also 

classified as LoF variants, potentially pathogenic in the protein production or function 

(Figure 1.9, B). 
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Figure 1.9 - Scheme of the different types of variants: A) SNV, B) 

InDels, and C) Structural variants. Created with BioRender.com 

  



 

39 
 

1.3.2.3 - Structural variants 

SVs include events where a DNA region shows changes in the number of copies, 

orientation, or location (161) (Figure 1.9, C). 

Copy Number Variations  

CNV are structural changes in the DNA that involve the variable repetition of a 

segment of DNA compared with the reference genome. These variants can range in size 

from kilobases to megabases and can encompass multiple genes. CNV can significantly 

impact gene dosage, disrupting normal gene function (161). 

CNV are classified as deletions or duplications. Deletions can be heterozygous 

deletions (remove one copy), resulting in a reduction of half the amount of the protein(s) 

involved, or homozygous deletions (affecting two copies) with the complete absence of 

the protein(s). Duplications are detected by the presence of 3 or more copies (up to 

hundreds of copies) of the altered region. 

 

Large Structural Variants 

LSV are genomic alterations implying more than 10.000bp. Several types of LSV 

can be differentiated, such as translocations, consisting of DNA segment transferences 

between different genomic zones; inversions, appearing as reversed sequence 

fragments; or large-scale deletions, duplications, or insertions. 

Chromosomal Aberrations  

Chromosomal aberrations are large-scale alterations that involve changes in the 

structure or number of chromosomes, such as trisomy 21 in Down syndrome. 

 

1.3.3 - Variant allele frequency and phenotype effect size 

The allele frequency of disease-causing variants is closely related to the nature and 

prevalence of the disease and the effects of these variants on the phenotype. In common 

diseases, the causative variants usually have relatively high allele frequency in the general 

population, their impact on the phenotype is small, and they may also interact with 

environmental factors that may increase/decrease the risk of disease development. In 

contrast, Mendelian diseases are due to rare mutations in a single gene that usually have 

low allele frequency in the general population. These mutations have a dominant or 

recessive effect on the phenotype and usually manifest markedly and early in the affected 
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individual’s life. Complex diseases have a multifactorial genetic basis resulting from causal 

variants and environmental factors. These variants typically have low/medium allele 

frequency in the general population, and their effects on phenotype can be challenging to 

discern  (162,163). 

As previously exposed, MD is a complex, multifactorial disorder with a prevalence 

of approximately 1 in every 2000 individuals in the European population and shown 

heritability of around 20%, with autosomal dominant or recessive inheritance patterns and 

incomplete penetrance. Therefore, the approach would focus on multiple genes or 

causative variants with moderate and additive effects on phenotype and rare allele 

frequency in the general population. 
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2. - Hypothesis and 
justification 
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Since the opening of the study of this complex disease, the most relevant 

histopathological discovery has been EH, hence it is clear that it should play an important 

role in MD. And it makes sense that the accumulation of endolymph within the 

membranous labyrinth leads to an increase in pressure, which would produce abnormal 

excitation of the sensory epithelia, resulting in the associated symptoms. 

Therefore, EH seem to be more the consequence of the inadequate drainage of the 

endolymph in the ED and ES, discarding their origin directly in the organs where they 

appear: the cochlea and the saccule. This hypothesis is based on several considerations. 

First, the theory of longitudinal endolymph flow, according to which endolymph originates 

in the cochlear duct and vestibule, travels through the ED, and finally reaches the ES, 

where it is reabsorbed into the systemic circulation through the SS. Second, animal 

models for EH have been developed by ES ablation or blockade. Third, the presence of 

abnormalities in the VA, ED, and ES in patients with MD associated with EH, such as 

shortened VA, narrowed VA openings to the subarachnoid space, smaller ED isthmus, or 

ES with collapsed lumen or even absent. Ultrastructural changes also included fibrosis of 

the ES epithelium, with the consequent alteration of its functionality. 

Studies conducted by the researchers Andreas Eckhard and David Bächinger, 

briefly explained in the section Endotypes of Endolymphatic Sac in MD (in the introductory 

chapter of this thesis), also contributed to consolidate these ideas, describing the two ES 

histopathological subtypes. However, these investigations provide the innovative 

definition of endotypes inside MD: hypoplastic and degenerative, integrating 

histopathology and clinical profile.  

Based on the variables associated with the degenerative endotype: late onset, 

vertigo crisis and reduced vestibular function, it has been suggested that there may be a 

disruptive vestibular etiology in adult life. The adult ear has a reduced ability to 

compensate for homeostatic imbalances. Thus, loss of epithelium in the adult eES would 

lead to changes in the composition of the endolymph, whose lowest potential difference 

and therefore the most vulnerable is found in the vestibular organs. As a consequence of 

the regulatory failure, it would produce the associated phenotype. 

In contrast, the phenotype associated with the hypoplastic endotype supports the 

hypothesis of a genetic cause, especially because these patients have a family history of 

SNHL, vertigo or MD and a tendency to present early onset. Therefore, the collapse in the 

formation of the extraosseous part of the ES could occur at early developmental stages 
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and would affect both ears, as we observed in the higher bilateral prevalence. Genetic 

segregation would lead to ES hypoplasia between members of the same family, causing 

complete or partial clinical pictures as described. Anomalies in the TB have also been 

associated, which support that abrupt ES termination in the operculum could be caused 

not only by malformations in the membranous labyrinth itself, but also in osseous, as VA 

alterations previously reported in MD studies. 

In this thesis, our interest focuses on the hypoplastic endotype. Our working 

hypothesis is that there is a genetic component that may describe the hypoplastic 

endotype of the ES in MD patients. In this scenario, it is possible that the accumulation of 

rare variants in different genes with a large influence on the phenotype would determine 

the occurrence of the clinical picture. 

The identification of molecular and genetic markers associated with MD endotypes 

may be promising to define personalized subgroups with regards to improve the diagnosis, 

the clinical decision-making, and predict patient evolution and prognosis. 
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3. – Objectives 
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Main goal 

The main objective of this project is to decipher the genetic background of the ES 

hypoplasia in MD. 

 

Secondary goals  

For this purpose, three chapters within this manuscript are differentiated, where it is 

expected to achieve the following secondary objectives:  

 

Chapter 1 - Analysis of the prevalence of ES hypoplasia in patients without MD 

- To identify the prevalence of ES hypoplasia in patients without MD 

- To evaluate the replicability of the ATVA measurement method 

- To determine if ATVA is associated with others ontological features in the 
patients without MD 

 

Chapter 2 - Identification of genes and variants associated with ES hypoplasia in 

MD 

- To identify genes and variants associated with ES hypoplasia in sporadic MD 

patients. 

- To identify genes and variants associated with ES hypoplasia in familial MD 

patients. 

 

Chapter 3 - Validation of genes and variants associated with with ES hypoplasia in 

MD 

- To evaluate the effect of rare variants on protein structure or expression in genes 

associated with sac hypoplasia. 

- To define the biochemical pathways and biological processes involved in the 

development of the PCF. 
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4. – Materials and Methods 
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4.1 - Materials  

4.1.1 - Molecular Biology Reagents  

Molecular Biology reagents include those used for sample preservation, DNA 

extraction, preparation of WES libraries, preparation of amplicons for Sanger sequencing, 

and quality control (electrophoresis and concentration measurements). 

 

▪ Oragene®DNA (#OG-510, Genotek, Ottawa, Canada) 

▪ prepIT L2P (#PT-2LP, Genotek, Ottawa, Canada) 

▪ Direct Load 1 Kb DNA ladder (#D3937, Sigma-Aldrich) 

▪ 100bp DNA ladder (#15628019, Invitrogen) 

▪ Water molecular biology reagent (#7732-18-5, Sigma-Aldrich) 

▪ Qubit dsDNA BR Assay Kit (#Q32850, Invitrogen) 

▪ Loading buffer (#10816015, Invitrogen, Thermo Fisher) 

▪ Agarose routine grade (#MB14403, NZYtech) 

▪ Tris-acetate-EDTA buffer (TAE) (#B49, ThermoFisher Scientific) 

▪ SureSelectXT Human All Exon V6 (Agilent Technologies, Santa Clara, CA, USA)  

▪ TapeStation DNA screenTape D1000 (Agilent Technologies, Santa Clara, CA, 
USA) 

▪ NovaSeq 6000 platform (Illumina, San Diego, CA) 

▪ Gelred Nucleic Acid Gel Stain 10.000x in water 1*0.5 ml (Biotium, #41003) 

▪ MicroElute® Cycle Pure Kit (#D6293-01, Omega, BioTek) 

▪ AmpliTaq 360 DNA polymerase (#4398886, ThermoFisher Scientific) 

 

4.1.2 - Antibodies  

Table 4.1 summarizes the antibodies or reagents including antibodies used for 

immunohistochemistry (IHC) and western blot (WB) assays. 
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Table 4.1 - List of antibodies used in the IHC and WB assays. 

 Host, reactivity, target Provider 
Catalogue 
reference 

Working 
Dilution 

IHC 

1º AB Rabbit anti mouse Adamts18 Origene TA321964 1:100 

2º AB 
Ready-to-use Horse Anti-Rabbit 

Antibody labelled with Peroxidase 
Vector MP-7401 ready to 

use 

WB 

1º AB 

Adamts18 
rabbit anti mouse 

Aviva 
System 
Biology 

ARP53478_P0
50-FITC 

1:1000 

Anti-ß-Actin monoclonal antibody, 
Clone AC-15 

Sigma- 
Aldrich 

A1978 1:10000 

2º AB 

Goat anti-Rabbit IgG (H+L)  
HRP Conj. 

Promega W4011 1:5000 

Goat anti-Mouse IgG (H+L)  
HRP Conj. 

Promega W4021 1:5000 

 

 

4.1.3 - IHC 

Paraffin sections preparation  
▪ Formaldehyde solution 4% (#FN-1020-4-1, SAV LP GmbH)  

▪ Soft Decalcification EDTA-25% EDTA solution pH 7.4 (#6484.2, Carl Roth GmbH 
Co. KG, Germany) 

▪ PBS Tablets (#18912-014, Life Technologies Limited, UK) 

▪ Ethanol absolute (# UN1170, VWR Chemicals, Belgium) 

▪ Paraffin (#39502004, McCormick, Canada) 

▪ Glass slides (# J1800AMNZ, Thermo Scientific, USA)  

▪ Cover glasses 24x50 mm (#7695030, Th. Geyer GmbH & Co. KG, Germany)    

 

Immunolabelling 
▪ Normal Horse Serum 2,5% (#30022, Vector Laboratories, Burlingame, CA) 

▪ 10x Casein Solution SP (#5020, Vector Laboratories, Burlingame, CA) 
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▪ Xilol substitute (#10524305, ThermoFisher Scientific) 

▪ Ethanol (#20821.310, VWR Chemicals, Belgium) 

▪ Citrate Buffer, pH 6.0, 10×, Antigen Retriever (#C999-100ML, SigmaAldrich) 

▪ Methanol (#107018, Merk) 

▪ Hydrogen peroxide solution (#H1009, SigmaAldrich) 

▪ Ready-to-use Horse Anti-Rabbit Antibody labelled with Peroxidase (#MP-7401, 
Vector, Burlingame, CA)  

▪ Papanicolaou Harris hematoxylin (#05-12011E, Bio-optica)  

▪ Diaminobenzidine (DAB) Substrate Kit (#SK-4100, Vector Laboratories, 
Burlingame, CA 

▪ DPX Mountant for histology (#44581, SigmaAldrich) 

 

4.1.4 - WB 

▪ Non-Fat Dry Milk (#B501-0500, Rockland) 

▪ PBS-TWEEN Tablets (#524653-1EA, Calbiochem) 

▪ SuperSignal West Femto Maximum Sensitivity Substrate (#34095, 
ThermoScientific) 

▪ 10x Tris/Glycine Blotting Buffer (#161-0771, Bio-Rad)  

▪ Ethanol absolute, denatured (#K928.4, ROTH)  

▪ Chromatography Paper 17 CHR (#3017915, Whatman)  

▪ Roti-Load sample loading solution (#K929.1, Carl Roth GmbH, Karlsruhe, 
Germany) 

▪ Novex 4-20% Tris-Glycine Gel, 12 well (#XP04202BOX, Invitrogen, Thermo 
Fisher) 

▪ Page Ruler Plus Prestained Protein Ladder (#26619, Thermo Scientific) 

▪ Immobilon-P Transfer Membrane, PVDF, 0.45µm pore size (#IPFL00010, 
Millipore, Thermo Fisher Scientific) 

▪ SuperSignal West Femto Maximum Sensitivity Substrate (#34095, Thermo 
Fisher Scientific)  
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 4.1.5 - Equipment 

▪ Savant DNA120 SpeedVac Concentrator (ThermoFisher Scientific) 

▪ PowerPac™ Basic Power Supply (Bio-Rad)  

▪ ImageQuant™ LAS 4000 (GE Healthcare Life Sciences). 

▪ Nanodrop 2000C Spectrophotometer (ThermoFisher Scientific) 

▪ XCell SureLock® Mini-Cell gel electrophoresis system (#EI0001, Thermo Fisher 
Scientific) 

▪ XCell II Blot Module (#EI9051, Invitrogen) 

▪ LI-COR C-Digit Blotscanner (LI-COR Biotechnology-GmbH, Bad Homburg vor 
der Höhe, Germany). 

▪ Power supply device Biometra (Biometra GmbH, Göttingen, Germany)  

▪ MicroStart 17R microcentrifuge (VWR) 

▪ 5804 R Centrifuge (Eppendorf) 

▪ Dry Bath/Block (#88870001, ThermoFisher Scientific) 

▪ SureCycler 8800 (Agilent Technologies) 

▪ Epredia™ Lab Vision™ PT Module (#A80400012, Fisher Scientific) 

▪ RM2125 RTS Microtome (Leica) 

▪ Tecan Infinite M200 PRO microplate reader (Tecan, Männedorf, Switzerland). 

▪ Olympus BX43 Microscope (Olympus, Shinjuku, Tokio, Japan) 

▪ Olympus DP22-SAL camera 

▪ Chromas v2.6.6 (Technelysium Pty. Ltd. Australia) 

▪ Nanodrop2000 v1.4.1 (ThermoFisher Scientific) 

 
4.1.6 - Informatic resources 

Online tools 
▪ ClinVar - https://www.clinicalgenome.org/) 

▪ Cool Angle Calc - https://danielzuerrer.github.io/CoolAngleCalcJS/ 

▪ DisGeNet - https://www.disgenet.org/ 
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▪ gEAR portal - https://umgear.org/ 

▪ Gene Burden Tool Kit - https://github.com/AlbaEB/gene_burden_toolkit 

▪ Gene Ontology (GO) - http://geneontology.org/ 

▪ GeneCodis - https://genecodis.genyo.es/ 

▪ Hereditary Hearing Loss Homepage - https://hereditaryhearingloss.org/ 

▪ HPO - https://hpo.jax.org/app/  

▪ KEGG - https://www.genome.jp/kegg/ 

▪ MANTA - https://github.com/Illumina/manta 

▪ MGI - https://www.informatics.jax.org/  

▪ OligoAnalyzer™Tool - https://eu.idtdna.com/calc/analyzer 

▪ OMIM - https://www.omim.org/ 

▪ Panther - https://www.pantherdb.org/pathway/  

▪ Primer3web - https://primer3.ut.ee/ 

▪ PrimerBlast - https://www.ncbi.nlm.nih.gov/tools/primer-blast/ 

▪ Reactome - https://reactome.org/  

▪ SAMTOOLS - https://samtools.github.io 

▪ SVDB - (https://github.com/J35P312/SVDB, 

▪ TIDDIT - https://github.com/SciLifeLab/TIDDIT 

▪ Uniprot - https://www.uniprot.org/ 

▪ BioGPS - http://biogps.org/#goto=welcome  

▪ GTEX -  https://www.gtexportal.org/ 

 
Equipment 

▪ Workstation: AMD Threadripper RX with 32 cores and 128 GB RAM. 

▪ Server: NAS Synology Rack (3 U) RS3617xs with 100TB of storage.  
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4.2 - Methods 

The methods section is also separated according to the three chapters indicated in 

the objectives. 
 

Chapter 1 
Analysis of the prevalence of ES hypoplasia in patients without MD 
 

4.2.1 – Recruitment of non-MD patient cohort 

A retrospective analysis of five millimeters thick ear CTs, in the axial plane, and 

without intravenous contrast were performed in the Radiodiagnostic Department of 

Hospital San Cecilio Granada (Spain), and Hospital Reina Sofía in Córdoba (Spain). The 

corresponding patients were evaluated to eliminate patients with MD or suspected MD 

from the study. Exclusion criteria were: i) Definitive diagnosis of MD, according to the 

diagnostic criteria described by the International Classification Committee for Vestibular 

Disorders of the Barany Society (108); and ii) young patients (<40 years old, and CT 

performed with <40 years old) with a clinical history of low-frequency SNHL. recurrent 

vertigo and tinnitus. The set of patients finally included will be referred as "non-MD cohort". 

Patients were anonymized by clinical specialty students in the Radiodiagnostic 

Departments of both hospitals. Age, sex, and clinical diagnosis were collected in the study 

database. 

 Axial CT planes were obtained for both ears of each control. As many CT images 

axial planes were collected per ear as necessary to visualize correctly i) the vestibule and 

the horizontal semicircular canal, and ii) the exit of the VA from the TB (operculum). 

 

4.2.2 - ATVA radiographic marker analysis 

ES endotype classification was carried out analyzing ATVA marker on CT images. 

In MD cases, ES hypoplasia is defined when ATVA >140º and ii) ES degeneration when 

ATVA <120º (155). In the case of controls, our reference ATVA values were defined in a 

cohort of 62 control adults with an ATVA of 102.3 ± 9.8 degrees, with maximum value of 

76.8º and minimum of 119.1º (155) ATVA was calculated with the Cool Angle Calc online 

tool (https://danielzuerrer.github.io /CoolAngleCalcJS/). Two double-blind measurements 

were performed for each image by two independent researchers.      
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As indicated in the section Endotypes of Endolymphatic Sac in MD (in the 

introductory chapter of this thesis), the ATVA marker was defined in histological sections, 

and later adapted to use it in CT and MRI imaging (Figure 4.1) (155). In histological 

sections, ATVA marker refers to the angle formed between: i) the entrance trajectory of 

the VA from the vestibule into the TB (red line l1), situated most parallel as possible to the 

walls of the VA and perpendicular to the internal aperture of VA; and ii) the exit trajectory 

of the VA in the PCF (green line l2), drawn most parallel as possible to the walls of the VA 

and perpendicular to the operculum aperture (Figure 4-1, A and C). 

 

 

Figure 4.1 - Method to calculate ATVA marker in histological sections (A,C) and CT images (B,D). 

Scale bars: 1 cm. Figure adapted from Bächinger et al.  (155). Co: cochlea IAC: internal auditory 

canal; LSC: lateral semicircular canal; PCF: posterior cranial fossa; pTB: petrous part of the 

temporal bone; VA: vestibular aqueduct; Ve: vestibule. 
 

In CT sections, a correct visualization of the VA trajectory in its origin from the 

vestibule is not possible due to the resolution of this type of image. Therefore, the entrance 

trajectory is predefined as a 14º angle, that is directly placed using the purple shape 

attached to red line l1 (Figure 4-1 B). This fixed angle was calculated as the average of 

multiple entrance trajectories (l1) from TB of adults control (155). The purple shape must 

be fitted to the bony limits of the vestibule and the LSC, in the axial plane in which both 

structures are visualized. The exit trajectory (green line l2) is correctly visualized and 

positioned in a similar way as in histological sections (Figure 4-1, B and D). 
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4.2.3 – ATVA data analysis 

The prevalence of the hypoplastic endotype in patients without MD was calculated. 

Reproducibility between ATVA measurements between the two observers was analyzed 

by linear regression and visualized with the Bland-Altman method. Normality of the ATVA 

values was contrasted with the Shapiro-Wilk test, and the relationship of ATVA with the 

clinical variables (sex, age, and clinical diagnosis) was contrasted with two-tailed T-test. 

Patients with ATVA between 120-140º were further evaluated to rule out possible hidden 

MD with less pronounced ES hypoplasias. 
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Chapter 2  
Identification of genes and/or variants associated with hypoplasia of ES in MD 
 

4.2.4 - Recruitment of hypoplastic MD patients 

Retrospective analysis of ear CT and MRI images were performed in the ENT  (Ear, 

Nose, Throat – Otorhinolatingology) department of the University Hospital of Zurich. CT 

and MRI images of patients with a definitive diagnosis of MD, according to the diagnostic 

criteria described by the International Classification Committee for Vestibular Disorders of 

the Barany Society (108) were collected. MD patients were excluded; i) if they showed 

secondary otological pathologies (such as otosclerosis, vestibular schwannoma, history 

of TB fracture or Cogan syndrome); ii) if they have been diagnostic by probable MD; and 

iii) if they were affected by comorbidities with MD such as vestibular migraine or AIED. 

The clinico-radiological study was approved by the local ethics committee (application 

ZHNr. 2016-01619, Kantonale Ethikkommission, Zurich, Switzerland) in accordance with 

the Declarations of Helsinki.  

As in Chapter 1, ATVA marker was measured with the online Cool Angle Calc 

software. ES endotype classification was carried out on CT images, defining i) hypoplasia 

when ATVA marker >140º, and ii) degeneration when ATVA marker <120º, according to 

Bächinger et al. (155) (Figure - 4.1). Two double-blind measurements were performed for 

each image by two independent researchers. 

 After the radiodiagnostic ATVA marker analysis, MD patients with ES hypoplastic 

endotype were included in a clinical database, distinguishing familial or sporadic cases. 

They were subjected to audio-vestibular evaluation, including PTA. 

Individuals were considered as familiar when at least one relative in first or second 

degree satisfies the criteria for probable or definitive MD. During the meticulous study of 

familial cases, audio-vestibular assessment and CT/MRI was performed to confirm the 

presence/absence of hypoplastic endotype in: i) relatives with definitive diagnosis of MD; 

ii) relatives with overlapping MD audio-vestibular symptoms, and iii) familial controls. 
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4.2.5 – Whole Exome Sequencing  

In the genetic analysis of hypoplastic MD patients classified as sporadic, individuals 

with disease onset older than 65 years were excluded from WES, trying not to include 

patients whose ES alterations could be caused by age. In those defined as familiar cases, 

the relatives that could be useful to discern the segregation of variants in the phenotype 

in each family, such as individuals showing symptoms overlapping with the disease and/or 

controls were also sequenced in addition to the proband. 

 

4.2.2.1 - Sample collection, DNA extraction and quality controls      

Saliva samples were obtained from patients using the Oragene®DNA kit (Oragene). 

DNA extraction was performed preIT®.L2P kit (DNA Genotek) following the 

manufacturer's instructions. To ensure the quality of the genomic DNA, we conducted 

concentration and quality controls using Nanodrop 2000C (ThermoFisher Scientific) and 

Qubit (dsDNA BR Assay, ThermoFisher Scientific), respectively. Additionally, to assess 

the integrity of the gDNA, samples and loading buffer were prepared in (1:4 volume) and 

loaded in 1.2% agarose gel in 1X TAE buffer marked with GelRed as staining agent and 

using Direct Load 1kb DNA as molecular weight marker. Electrophoresis was run at 90V 

and 400mA using PowerPac supply for 1 hour and revealed in ImageQuant LAS 4000. 

 

4.2.2.2 - WES libraries preparation and sequencing 

In the preparation of libraries targeting coding regions, SureSelectXT Human All 

Exon V6 (Agilent Technologies, Santa Clara, CA, USA) (Agilent Technologies, Santa 

Clara, CA, USA) was conducted following manufacturer instructions (Chen 2015). First, 

gDNA is fragmented, denatured and hybridized with biotin conjugated oligos targeting 

coding regions. Streptavidin-paramagnetic beads are used to purify biotin captured 

fragments that are subsequently amplified and indexed by PCR. This procedure targets 

around 50Mb of human exonic regions. The quality of the libraries was confirmed using 

the TapeStation DNA screenTape D1000 (Agilent Technologies, Santa Clara, CA, USA). 

Sequencing was performed on NovaSeq 6000 platform (Illumina, San Diego, CA) and 

generated pair-end reads, ensuring a minimum coverage of 100X on average (Macrogen, 

South Korea) 
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 4.2.6 - Bioinformatic analysis 

Several steps can be distinguished in bioinformatics processing of WES data: i) 

preprocessing, including alignment of reads with reference genome and filtering of low-

quality mapped reads; ii) variant calling, identifying changes differing between samples 

and reference genome; iii) annotation, retrieving information of variant in public databases; 

and iv) data analysis, to finally discover candidate genes and variants (Figure 4.2). Except 

for the first step, the approaches for analyzing SNV and short indels on the one hand and 

structural variants on the other hand were slightly different, so distinct sections for each 

of these types of variants are distinguished.  

Nf-core/sarek nextflow pipeline v2.6.1 was followed as a workflow for the alignment 

and variant calling for SNV, shorts Indels and SV (164). 

 

Figure 4.2 - Bioinformatics pipeline for exome data analysis in the discovery of hypoplastic cohort 

variants in the two types of variants i) SNV and short InDels and ii) structural variants. 
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4.2.6.1 - Data pre-processing 

Paired-end FASTQ files were generated per sample after the sequencing. FASTQ 

sequences were aligned to the GRCh38/Hg38 reference genome using the Burrows-

Wheeler Aligner's Maximal Exact Matches algorithm (BWA-MEM), producing a sorted and 

indexed SAM (Sequence Alignment Map) file (164). This output is transformed using 

SAMtools into BAM (Binary Alignment Map) files, the compressed binary version of a SAM 

file. Smaller BAM files management is more efficient in terms of computation and storage. 

Post-alignment processing includes several steps of quality filtering of the BAM files. 

GATK MarkDuplicates is used for identifying and removing duplicated reads that are likely 

to have originated from duplicates of the same original DNA fragments, mitigating potential 

biases from PCR and library preparation. GATK BaseRecalibrator and GATK ApplyBQSR 

tools apply machine learning to model the accuracy of each base call according to the site 

where it was aligned, detecting systematic errors made by the sequencing machine 

(165,166) 

Once the recalibrated BAM files are available, they will be used as input for variant 

calling. Two different protocols are distinguished in the following steps, depending on the 

type of variant called i) short indels and SNV; and ii) Structural variants. 

 

4.2.6.2 - SNV and short InDels 

4.2.6.2.1 - Variant calling 
After applying clean-up operations, GATK HaplotypeCaller (164) function was 

employed to determine genetic germline variants. The resulting VCF (Variant Call Format) 

files captured SNV and short InDels (< 50bp) from each individual. 

To ensure variant quality assessment, hard filtering following by the Variant Quality 

Score Recalibration (VQSR) was utilized. VCFs from each patient were filtered by the 

same parameters as gnomAD database: Allele balance (AB) ≥ 0.2 and AB ≤ 0.8 (for 

heterozygous genotypes only), genotype quality (GQ) ≥ 20, and depth (DP) ≥ 10 (5 for 

haploid genotypes on sex chromosomes) (165,166). After that, filtered VCFs from each 

patient were combined into a single file using BCFtools from SAMTOOLS 

(https://samtools.github.io), resulting in a VCF dataset containing all variants in our ES 

hypoplastic cohort (167). 
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Apart from hard filtering, VQSR was applied to the merged dataset. This tool trains a 

machine learning model that learns from our dataset and gives us a well-calibrated score 

(VQSLOD) for the probability of each variant being true or false positive. Subsequently, 

variants VQSLOD > 10 are excluded (168). This method for quality filtering is more 

sensitive, flexible, and adapted to our samples than hard filtering, and the scoring results 

are better the higher the number of samples the model is trained on. 

4.2.6.2.2 - Variant annotation  

To annotate our hypoplastic VCF dataset file, we utilized the Variant Ensembl Variant 

Predictor v104 (VEP) platform from Ensembl (169). VEP is a powerful bioinformatics tool 

designed to recruit information among a vast collection of public databases, providing 

information about:  

● Consequences of variants, according to VEP classification as HIGH, MODERATE, 

MODIFIER and LOW impact, summarized in Table 4.2. 

● Variants frequency on different populations, incorporating information from gnomAD 

v3.1 (Genome Aggregation Database) (170). 

● Pathogenicity of variants, and predictions of deleteriousness, highlighting scores as 

CADD and ACMG classification.  

○ CADD v1.6 (Combined Annotation Dependent Depletion) score integrates 

annotation based on allelic diversity, conservation, protein functionality and 

regulatory effects (experimentally tested), pathogenicity and severity of 

associated traits or diseases. The resulting C score is used to prioritize 

potentially pathogenic diseases when CADD score is >= 20 (171).  

○ ACMG consists of a standard guide for variant interpretation updated by the 

American College of Medical Genetics and Genomics (ACMG), the 

Association for Molecular Pathology (AMP) and the College of American 

Pathologists (CAP) in 2015 (172). It classified variants in five categories: 

‘pathogenic’, ‘likely pathogenic’, ‘uncertain significance’, ‘likely benign’ and 

‘benign’, taking into account criteria such as the frequency of the variant in 

the population and cohort, segregation data, functional data or computer 

predictive models, among others. 
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● Gene conservation and constraint, with scores as pLi (probability of being Loss of 

function Intolerant). This metric indicates the probability that a LoF variant in one allele 

causes an haploinsufficient phenotype, identifying intolerant (pLi >= 0.9) or tolerant 

(pLi <= 0.1) to LoF variation (173).  

 

Table 4.2 – Consequences of variants according to VEP IMPACT categories 

VEP IMPACT 
categories 

Variant consequences 

HIGH ● Transcript ablation 
● Splice acceptor variant 
● Splice donor variant 
● Stop gained 

● Frameshift variant 
● Stop lost 
● Start lost 
● Transcript amplification 

MODERATE ● Inframe insertion  
● Inframe deletion   

● Missense variant 
● Protein altering variant 

MODIFIER ● Coding sequence variant 
● Mature miRNA variant 
● 5 prime UTR variant 
● 3 prime UTR variant 
● Non coding transcript exon 

variant 
● Intron variant 
● NMD transcript variant 
● Non coding transcript variant 
● Upstream gene variant 

● Downstream gene variant 
● TFBS ablation 
● TFBS amplification 
● TF binding site variant 
● Regulatory region ablation 
● Regulatory region amplification 
● Feature elongation 
● Regulatory region variant 
● Feature truncation 
● Intergenic variant 

LOW ● Splice region variant 
● Splice donor 5th base variant 
● Splice donor region variant 
● Splice polypyrimidine tract 

variant 

● Incomplete terminal codon 
variant 

● Start retained variant 
● Stop retained variant 
● Synonymous variant 

 
 

 
4.2.6.2.3 - Data analysis: Gene Burden Analysis  

To find causative genes for SE hypoplasia in MD, Gene Burden Analysis (GBA) 

approach of SNV and InDels was performed. This method determines whether there is a 

greater accumulation or “burden” of potentially causative genetic variants in one or more 

genes in individuals affected by the disease, compared to healthy individuals. With this 

purpose, several steps can be distinguished: the filtering of potentially causative variants, 

the calculation of Odd Ratios, and the statistical validation of variants enriched genes. The 

GBA was carried out with the Gene Burden Tool Kit developed by Alba Escalera-Balsera 

(https://github.com/AlbaEB/gene_burden_toolkit).  
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Filtering of potentially causal variants 

First, we performed a filtering of the potentially causal variants. Hypoplastic cohort 

variant dataset will be filtered based on the predicted impact of the variant on protein 

function, allele frequency and type of variant. We selected: 

- Those with rare allele frequency (MAF<0.05) in the general population, following the 

genetic strategy that multiple genes or causative variants with moderate and additive 

effects cause the phenotype.  

- Those with a great impact on phenotype, which contain HIGH and MODERATE 

variants described by VEP calculated consequences. HIGH variants comprise InDels, 

being more deleterious those that involve a change in the reading frame, or punctual 

LoF variants that can cause the disappearance or appearance of start or stop codons, 

resulting in total loss of expression, abrupt truncations, or abnormally long non-

functional proteins. MODERATE variants include non-synonymous missense variants 

in which there is an amino acid change as a result of the point base change. These 

punctual changes may involve crucial amino acids, such as charged amino acids that 

maintain the structure of the protein through interactions with other residues, amino 

acids involved in anchorage between subunits or scaffolding with structures, or active 

site residues in the case of enzymes (169). 

 

Calculation of Odd Ratios 

Next, for the filtered dataset of variants, it was examined whether there was a 

significant accumulation of variants in specific genes in the hypoplastic cohort compared 

to healthy individuals. In this case, global population and Non-Finish European (NFE) from 

gnomAD v3.1 (including 76156 genomes) were utilized as control reference population. 

For each gene, the number of alleles (AC) with variants for that gene were 

summarized, where A and C were the allele count in the hypoplastic cohort with and 

without variants in the X gene, respectively; and B and D the allele count in the control 

population with and without variants in the X gene, respectively. 

Next, Odds Ratio (OR) was calculated by gene. OR is a “measure of association” 

that compares the probabilities that one event occurs (in this case, the accumulation of 

variants in a gene of interest) and the risk that the consequence appears (in this case, ES 

hypoplasia in MD).  Thus, the 2x2 contingency table would be as shown: 
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Hypoplastic 

cohort 
Control 

population 

AC with variant in gene X A B 

AC without variant in gene X C D 
 

And the OR is then calculated as follow: 

 

OR significantly greater than 1 indicates that accumulation of rare variants in that 

gene increases the risk of developing the phenotype. OR significantly lower than 1 

denotes a protective relationship, so the absence of variants in that gene minimizes the 

risk of developing the pathology. OR equal to 1 shows there is no association with this 

gene. 

The magnitude of the association is greater the further OR is from 1. For example, 

for predisposing factors, the risk of finding ES hypoplasia due to variant accumulation in 

gene X, with an OR of 10 is much greater than if the variants are present in gene Y, with 

an OR of 1.2, being both OR relative to the same control population. 

 

Statistical significance of variants enriched genes 

To assess the significance of the OR, p value and 95% confidence interval (CI) were 

calculated. The p value indicates the probability of obtaining the estimated OR if null 

hypothesis of no association were true. So, real association was considered statistically 

significant with typical p value < 0.05. To reduce the number of these false positives due 

to multiple testing, the p-value was corrected for multiple comparisons by the number of 

genes tested for each data set, following Bonferroni correction. On the other hand, CI 

provided a range of values around estimated OR in which real OR is with 95% of certainty. 

In summary, p value indicates the statistical significance of the association between 

the enrichment of variants in that gene and the phenotype, and 95% CI provides a 

measure of the precision of this estimated OR. Genes significantly enriched in 

accumulation of variants in our cohort versus population databases were taken into 

account for the prioritization of candidate genes and variants. 
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4.2.6.2.4 - Prioritization of candidate genes and variants 

In the gene prioritization process, the following was taken into account: i) the 

significance of variants enrichment genes; ii) the presence of FLAG genes; iii) the allele 

frequency per gene in the ES hypoplastic cohort, and lastly iv) the information available in 

different databases about gene expression (systemically and in the inner ear), or previous 

association with specific phenotypes, especially audio-vestibular ones. In the variant 

prioritization, it was considered: i) the number of variants per gene and the segregation of 

these variants among affected individuals; ii) the consequence of the variant, the allelic 

frequency and the prediction of pathogenicity. A list of candidate genes was generated 

once the prioritization process was completed. 

Enriched variants genes vs control population 

Genes that showed significant variants enrichment, p-value corrected < 0.05, with 

respect to the two reference populations: gnomAD global and gnomAD nfe were 

considered. 

FLAGS genes 

FLAGS genes (from FrequentLy mutAted GeneS) were excluded. These genes      

have been observed to accumulate rare variants in healthy individuals due to their larger 

length, or high mutation rate due to genomic instability or DNA repair deficiencies (174). 

Allele frequency per gene in the ES hypoplastic cohort 

An additional filter was made to retain only those genes whose variants were present 

in 5% or more of our hypoplastic cohort. This 5% threshold was the same as that used in 

the variant filtration process prior to the GBA. 

Expression data and associated phenotypes  

Functional annotations available in public databases were consulted, such as: 

- Expression data. We focused on expression data from gEAR portal 

(https://umgear.org/). gEAR is a web platform that provides access to gene expression 

profile of inner ear and related organs (cochlea, vestibule, PCF, spiral ganglia, etc) 

from numerous studies, including RNA-seq, single cell RNA-seq, microarray-based 

gene expression data, and in situ hybridization (ISH) analysis. In addition, expression 

data is available from a wide range of model organisms and during different stages of 

development. 
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- Previous association with specific phenotypes. Phenotypic HPO or MGI terms 

previously related to our genes were consulted. Human Phenotype Ontology (HPO) 

(https://hpo.jax.org/app/) terms have been described from associations of patient 

clinical data and phenotypes with genes or genotypes in numerous diseases, disorders 

and syndromes in humans. On the other hand, Mouse Genome Informatics (MGI) 

(https://www.informatics.jax.org/) gives access to phenotypes described in mice mutant 

strains altered in specific genes (https://www.informatics.jax.org/).  Terms can be 

filtered to obtain those of interest, for example, with an audiovestibular phenotype. 

- Previous association with audiovestibular diseases, SNHL, sporadic or familial 

Meniere's disease. With special consideration to genes previously associated with 

SNHL retrieved from the Hereditary Hearing Loss Homepage 

(https://hereditaryhearingloss.org/) (175). 

 

Number of variants and segregation between individuals  

The most important aspect was the number of variants per gene and if they are 

shared between affected individuals. Variants with higher number of variants and those 

shared between higher number of individuals were prioritized.  

Within these genes, it was observed if variants were close in their chromosomal 

coordinates, which could suggest that modifications in these specific protein domains 

could be related to function impairment and risk of developing the phenotype. 

Variant consequence, allele frequency, and prediction of pathogenicity 

Discovered variants were annotated using VEP, adding information about 

impact/consequence of variant in the protein, allele frequencies from gnomAD (v3.1), and 

pathogenicity prediction from CADD. Variants with lower MAF, higher variant 

consequence according to VEP, and more pathogenic scores (CADD>=20 and to 

“pathogenic” or “likely pathogenic” ACMG classifications) were prioritized. 
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4.2.6.3 - Structural variants 

4.2.6.3.1 - Variant calling 

Each type of SV, LSV and CNV, were called by two different tools using BAM files 

as inputs. In this way we will be able to compare the reproducibility that exists for SV 

calling in exome data. LSV were called by the tools MANTA v2.6.0 (Illumina, 

https://github.com/Illumina/manta) (176) and TIDDIT v3.5.2 (ScifiLife, 

https://github.com/SciLifeLab/TIDDIT) (177), within the Nf-core/sarek nextflow pipeline. 

Meanwhile, CNV were called by CnvKit v0.9.10 (https://github.com/etal/cnvkit) (178). 

MANTA, TIDDIT and CnvKit generated a VCF with SV calls for each individual, 

including large insertions, deletions, duplications and transversion in the case of LSV, and 

duplication and deletion for CNV. 

4.2.6.3.2 - Filtering of false positive SV 

These tools carry out several filtering steps to detect artifacts caused by 

contamination and sequencing errors, misalignments of repetitive regions with the 

reference genome, and inconsistencies with the ploidy of the studied species. High quality 

variants are labeled as PASS in the FILTER column. Quality filtering steps were performed 

in each VCF separately, removing i) low-quality variants not marked as PASS and ii) 

variants with length outside the range of 100,000bp. Variants longer than 100,000bp are 

usual artifacts generated by the tool. 

4.2.6.3.3 - Overlapping of SV 

Subsequently, filtered variants of each individual were merged using the SVDB 

merge toolkit v2.8.1 (https://github.com/J35P312/SVDB), specifying to join those variants 

whose starting point were not far than 10,000bp and overlapped in length by at least 60%. 

Two datasets of overlapped LSV, from TIDDIT and MANTA, and one dataset of 

overlapped CNV from CnvKit were generated. LSV replication between TIDDIT and 

MANTA was compared by contrasting both sets of calls obtained at this level. 

4.2.6.3.4 - SV annotation 

The overlapped SV datasets were then annotated with AnnotSV v3.3.6 (179). 

AnnotSV collects available information on public databases about structural variants in 

the same way as VEP for SNV and short InDels, with some additional information specific 

to SV. 
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- SV frequency, from databases such as DGV, 1000G, or gnomAD. 

- Mutation tolerance and constraint data, including pLi (180) from gnomAD and ExaC, 

and LOEUF bin (181). LOEUF, the loss-of-function observed/expected upper bound 

fraction" (LOEUF), represents a conservative estimation of the ratio of observed to 

expected LoF variants. LOEUF is binned into deciles ranging from 0 (most 

depleted/evolutionarily constrained) to 9 (not depleted/constrained). A LOEUF bin 

value <= 2 was subsequently considered constrained to prioritize SV. 

- Pathogenicity of genes or genomic regions and predictions of deleteriousness with 

scores such as the ACMG classification for SV.  

- Phenotypes associations from databases such as Exomiser and HPO.  

- Disease associations from databases such as ClinVar 

(https://www.clinicalgenome.org/) or the Online Catalog of Human Genes and 

Genetic Disorders (OMIM - https://www.omim.org/) 

4.2.6.3.5 - SV Data analysis and prioritization of candidate variants 

After filtering, overlapping, and annotation, SV in non-coding regions were removed, 

since exome capture does not include these regions and coverage is not sufficient for 

variants discovery. SVs were then prioritized based on conservation and pathogenicity 

scores. Candidate variants were those shared by more individuals, localized in regions 

with higher constraint (pLi >= 0.9) and classified as “pathogenic” or “likely pathogenic” by 

ACMG. Variants in FLAGs genes were also discarded. 

 

4.2.6.4 - Candidate variants in hypoplastic MD families 

Due to the low number of samples per family, it was not possible to perform 

segregation analysis itself. For this reason, the study of families was limited to detecting 

whether the candidate variants in the MD and ES hypoplasia cohort study were present 

in the probands and available relatives, and if so, whether they segregated with the 

phenotype. 
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4.2.6.5 - Candidate variants for low-frequency SNHL in family 5 

In family 5, in addition to the presence of hypoplasia and MD disease in some of 

their relatives, low-frequency SNHL segregated in five individuals across three 

generations with a clear pattern of autosomal dominant inheritance.   

Since SNHL is a pathology associated with genetic causes in its different types: 

syndromic or non-syndromic, described in various inheritance patterns (autosomal 

dominant or recessive, sex-linked and mitochondrial), and knowing that SNHL affecting 

low frequencies have been associated with early stages of MD, this phenotype within this 

family was studied to find candidate variants that could explain SNHL. 

 

4.2.6.5.1 – Data pre-processing 

Exome data pre-processing steps were carried out with the rest of the hypoplastic 

cohort, including alignment of reads with GRCh38/Hg38 reference genome, generation of 

BAMs files, filtering of low-quality mapped reads, variant calling of SNV and InDels, VQSR 

quality assessment and annotation, as described in chapter 4.2.6.1 and 4.2.6.2. 

Following this, variants from family 5 including low-frequency SNHL affected 

individuals and one control for the phenotype were separated in a database for 

subsequent analysis. 

4.2.6.5.2 – Filtering and prioritization of candidate variants 

Familiar database was filtered including those variants shared between the five 

relatives segregating low frequency SNHL (I-4, II-4, II-5, III-1, and III-2), but absent in II-

3. A Single Variant Analysis (SVA) strategy was followed, where it is expected that one 

single variant with great effect in the phenotype will be the cause of the phenotype. 

Therefore, selected variants were those classified as “HIGH” or “MODERATE”, 

according to VEP protein consequences. Taking into account that the prevalence of SNHL 

at low frequencies is a very rare condition, which has been estimated at 18 out of 100,000 

individuals, a MAF ≤0.001 in the non-Finnish European population (gnomADv3.1) has 

been used to filter variants. In addition, a pathogenic CADD score ≥20 thresholds were 

used as threshold. Variants found in FLAGS genes were discarded.  

Finally, of the filtered variants, those with higher impact on protein consequence, a 

“pathogenic” or “probably pathogenic” classification according to the ACMG, and higher 
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CADD were prioritized. It was also taken into account that the gene had expression data 

in the inner ear (gEAR portal). 

4.2.6.5.3 – Computational modelling 

The human CENPP amino acid sequence was retrieved from Uniprot (Q6IPU0). To 

find a suitable template for CENPP (greater than 40% identity between aligned primary 

amino acid) a protein BLAST was performed. No structures were found that could be used 

for template-based modelling.  

Besides, structural model template-free (fold-recognition and de novo or ab initio 

methods) prediction employing Robetta-AB (182), C-QUARK (183) and C-I-TASSER 

(184) servers. These model structures were also compared with the model generated by 

AlphaFold (185). The quality and reliability between modelled and predicted models were 

assayed by calculation of Molprobity Score, Verify3D, ERRAT, ProSA-web and 

QMEANDisCo metrics.  

Subsequently, the mutated version of CENPP protein (C283*) was generated by 

comparative homology modelling using Modeller 10.1 (186). The wild type CENPP protein 

model previously obtained as a template. Stability prediction of mutated CENPP was 

assesses by SCOOP (187). 
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Chapter 3   
Validation of genes and variants associated with hypoplasia of of ES in MD 

4.2.7 - Candidate variants validation 

The final list of candidate variants (SNV, InDels and SV) were inspected in the 

Integrative Genome Viewer (IGV, v2.16.0) (188). Variants suspected to be false positives 

or variants with lower coverage were validated by capillary Sanger sequencing.  

Primers were designed flanking the variant regions using Primer3web v4.1.0 (189) 

(Kõressaar 2018) (https://primer3.ut.ee/). The specificity for amplification of the region of 

interest in human and the absence of heterodimer formation between forward and reverse 

primers were verified in PrimerBlast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) 

(190) and OligoAnalyzer™Tool (https://eu.idtdna.com/calc/analyzer), respectively. The 

sequence of the primers are indicated in Supplementary Table 1. 

The specific region was amplified by PCR following 15 times of major cycle (95°C 

for 15s, 61°C for 15s, and 72°C for 30s), 10 times of medium cycle (95°C for 15s, 60°C 

for 15s, and 72°C for 30s) and 10 times of end cycle (95°C for 15s, 59°C for 15s, and 

72°C for 30s) in a SureCycler 8800 thermocycler (Agilent). The reaction volume was 20ul 

including the sample, isovolumetric mixture of forward and reverse primers, Master Mix 

and molecular biology grade water in 1:2:7:10 proportions. To verify amplification to the 

expected size, PCR products were diluted 1:5 with loading buffer and loaded in 2% 

agarose gel in 1X TAE buffer marked with GelRed as staining agent and using 100bp 

DNA Ladder as molecular weight marker. Electrophoresis was run at 90V and 400mA 

using PowerPac supply for 1 hour and revealed in ImageQuant LAS 4000. PCR fragments 

were then purified with MicroElute® Cycle Pure Kit and sequenced by using Sanger 

technology in an ABI 3730XL sequencer (STAB-VIDA. Caparica, Portugal). 

Chromatograms were inspected for variant validation using Chromas v2.6.6 

(Technelysium Pty. Ltd. Australia). 
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 4.2.8 - Evaluation of inner ear candidate genes expression  

4.2.8.1 - Animals 

57BL/6 mice of both sexes and aged 3 to 5 days were acquired from the Charité- 

Universitatsmedizin Berlin animal facility. The study was conducted in accordance with 

the recommendations of the EU Directive 2010/63/EU on the protection of animals used 

for scientific purposes. The experimental protocol was approved by the Government 

Ethics Commission for Animal Welfare. 

4.2.8.2 - IHC 

Preparation of mouse head paraffin section 

Mice were sacrificed by decapitation. The top of the skull was cut off to expose the 

inner ear tissues for fixation. Unnecessary tissues such as the ears, mouth and most of 

the skin were trimmed as much as possible to facilitate the fixative entry. 

The materials were immediately placed in 10 ml 4% formaldehyde fixative solution 

for 3 hours while shaking at room temperature. Excess of fixative was removed by three 

baths in 1X PBS of 15 minutes each. Subsequently, pieces were placed in EDTA 

decalcification solution overnight. On the second day, dehydration begins by placing the 

tissues in 50% ethanol for 30 minutes and later in 70% ethanol overnight at 4°C. On the 

third day, dehydration was continued as follows: 80% ethanol, 90% ethanol, 95% ethanol, 

2x 100% ethanol, each for one hour. All the indicated steps of fixation, decalcification and 

dehydration were carried out at room temperature with shaking (100 rpm), except for the 

incubation with 70% ethanol, which was performed at 4ºC to avoid evaporation overnight. 

The amount of the different reagents was sufficient to generously cover the tissue. 

Afterwards, the tissues were transferred to paraffin block cassettes and embedded 

in 70ºC pre-warmed paraffin for 1 hour inside the oven. Later, the cassettes were 

immersed in new, fresh paraffin overnight. 

On the last day, the pieces were placed in the metal molds that will form the blocks 

for subsequent cutting. The heads were positioned to obtain axial cuts sections. After 

covering the tissue with hot paraffin, new cassettes were put on top forming a solid block 

with the paraffin, and were left to solidify at 4°C. 

Once hardened, the cassette was separated from the metal block and cut. Axial 

sections of the mouse head were made on an RM2125 RTS microtome (Leica) with a 
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thickness of 5 micrometers. They were allowed to dry on the slides in an oven at 37°C 

for at least 16 hours. 

Immunolabelling 

The sections were deparaffinized by 2 xylene baths of 10 minutes each. Dehydration 

was then initiated with 5-minute baths in descending concentration of ethanol until distilled 

water. Next, antigenic retrieval was performed in an Epredia™ Lab Vision PT Module 

(Fisher Scientific) for 20 minutes at 95ºC in citrate buffer. The tissues were then tempered 

in distilled water. 

The sections were incubated with 3% H202 in methanol to block endogenous tissue 

peroxidase. This was followed by 3X 5-minute washes in 1X PBS. Specific antigenic sites 

were then blocked by incubating with normal horse serum for 30 minutes and 1x Casein 

Solution for 30 minutes. Once the last blockade has been removed, the necessary volume 

of diluted primary Ab is added to cover the tissue (approximately 50-70 ul) and incubated 

at 4º C overnight. The appropriate primary Ab dilutions were previously optimized (Figure 

4.1). The technical controls were incubated with 1X casein solution only. 

The next day, the tissues were bathed 3X in 1x PBS, 5 minutes each, and then a 

few drops of 2nd Ab are added, and incubated for 1 hour at RT. This 2nd Ab is conjugated 

with the enzyme horseradish peroxidase. Three 5-minute baths with 1X PBS are 

performed to remove excess of 2º Ab. After the last bath, revealing is carried out by adding 

peroxidase Diaminobenzidine substrate solution, being observed under the microscope. 

The target-protein tissues were observed first and allowed to react until a specific signal 

was seen but no general background was yet apparent (45 seconds for Adamts18).  

Negative controls for both proteins were each incubated for the same time respectively. 

Finally, counterstaining and mounting is performed. Sections were stained with 

haematoxylin for 30 seconds and then dehydrated by rapid washing in increasing ethanol 

solutions until xylene. Finally, DPX mounting fluid was added, covered with a coverslip 

and dried for 24 hours. All 1X PBS washes in this protocol are performed with shaking. 

The sections were observed in a light microscope Olympus BX43 (Olympus, 

Shinjuku, Tokio, Japan), and the images captured with an Olympus DP22-SAL camera at 

different magnifications. 
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4.2.8.3 - WB 

Protein extraction and quantification 

Mice were sacrificed by decapitation and target tissues were dissected including the 

cochlea, vestibular organs, otic capsule and control tissues. Positive cerebellum and 

negative spleen control tissues were chosen according to the expression data in both 

mouse and human systemic expression databases BioGPS 

(http://biogps.org/#goto=welcome) and GTEX (https://www.gtexportal.org/). Pieces were 

immediately placed in 1X RIPA buffer at 4ºC and homogenized mechanically using a 

pestle. Proportions tissue/RIPA buffer were: 6 cochlear ducts from both ears of 3 animals 

in 100ul RIPA, 1 complete vestibular system (part of vestibule and 3 SCC) from one ear 

in 100ul RIPA, and 5mg of tissue from cerebellum, spleen and otic capsule in 300ul RIPA. 

Extracts were then incubated at 4ºC for 10 minutes with regular vortexing. Not 

disaggregated tissue residues were precipitated by centrifugation at 14,000 rpm for 10 

minutes, and the supernatant was stored in a new tube. 

The Micro BCA™ Protein-Assay-Kit (Thermo Scientific) was used to quantify protein 

concentration according to the manufacturer's instructions. In brief, 1:20 dilutions of the 

samples were prepared in 0.9% NaCl. For both samples and standards, 150 μm of the 

dilutions were added to a plate along with 150 μm of the reaction mixture (isovolumetric 

mixture of reagents A, B, and C from the kit). The mixture was incubated at 37º for 2 hours 

and revealed by measuring absorbance at 595 nm in the Tecan Infinite M200 PRO 

microplate reader (Tecan, Männedorf, Switzerland). Proteins are stored at -80º until use. 

SDS-page and immunoblot 

For each extract, mixtures containing 30 ug protein were prepared with Roti-Load 

loading buffer and heated at 90ºC for 5 min to denature the proteins. Samples were then 

loaded onto a 4-20% Tris-Glycine Mini Gel. Electrophoresis was performed in an XCell 

SureLock® Mini-Cell tank at 180 V for 1 hour. Page Ruler Plus Prestained (Thermo 

Fischer Scientific) was used as a molecular weight marker. 

For membrane transfer, the PVDF membrane was previously activated in absolute 

ethanol for 30 seconds and equilibrated in transfer buffer (distilled water:Tris-Glycin 

Blotting buffer:ethanol absolute 8:1:1) for 5 minutes. The transference sandwich was 

prepared in the XCell II Blot module including sponges, gel, and activated PVDF 

membrane. The transference took 44 minutes at 300 mA generated by the Biometra 

Power supply device. Later, the membranes were incubated in blocking solution (5% 
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skimmed milk powder in 0.1% Tween20 in PBS 1X) for 1 hour. After blocking, the 

membrane is incubated with primary antibody at a dilution of 1:1000 in blocking buffer 

overnight at 4°C in orbital shaking. Next day, the membrane was washed three times for 

10 minutes in 0.1% Tween20 in 1X PBS and incubated for 1 hour at room temperature 

with the secondary antibody at a dilution of 1:5000 in blocking solution. Excess of 

secondary antibody was removed from the membrane by washing three times for 10 

minutes. Chemiluminescent signal was revealed by incubation with SuperSignal West 

Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) according to the 

manufacturer's instructions and visualized using the LI-COR C-Digit scanner. 

Membrane quantification was measured using ImageJ (v1.53). Intensity signals per 

organ were normalized against the constitutive β-catenin gene. The means of expression 

between organs were compared with T-test, considering significant differences with p 

value < 0.05. 

 

 4.2.9 - Evaluation of rare variants in protein structure or expression 

Information on the different proteins, including their domains and their subcellular 

compartmentalization, the presence of post-translational modifications (glycosylation, 

disulfide bonds …) and their isoforms was obtained from UniProt 

(https://www.uniprot.org/). The candidate variants identified as a result of GBA in our 

cohort of patients with ES hypoplasia and MD was evaluated in the protein motifs. The 

modification of the residues was evaluated in terms of hydrophobicity and charge. 

 

 4.2.10 - Functional analysis of candidate genes  

Genomic studies give us a large number of altered genes for our hypothesis. Instead 

of addressing each entity (gene) separately, an enrichment analysis or functional analysis 

will allow us to manage the entire results. In this way, the number of genes in the input 

dataset belonging to a specific is counted and compared with the total number of genes 

of that reference pathway. Therefore, it is calculated if there is a significant enrichment of 

entities in my dataset for that pathway, estimating a p-value that represents the 

significance of this association (181). 

To perform the functional analysis, we used the GeneCodis (191) to explore the 

gene dataset that we obtain from our GBA of patients with MD and ES hypoplasia. The 
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idea is to elucidate the biological pathways that could be involved in our phenotype. In our 

study, we explore the pathways databases Gene Ontology (GO - http://geneontology.org/) 

including molecular functions (GO-mf), biological pathways (GO-bp) and cellular 

compartments (GO-cc), Panther (https://www.pantherdb.org/pathway/), Reactome 

(https://reactome.org/) and KEGG (https://www.genome.jp/kegg/); but also phenotypes 

databases, such as MGI and HPO; and diseases databases OMIM and DisGeNET 

(https://www.disgenet.org/). 

Since diseases databases usually associated one single gene with a pathology, obtaining 

high amount of enriched diseases, co-annotation analysis will be perform with OMIM and 

DisGeNET, where we will obtain only the entities that replicate between both databases 

for the same genes, specifying a minimum number of 3 genes.  
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5. Results 
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5.1 - Chapter 1:  study of the prevalence of ES 
hypoplasia in individuals without MD 
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Brief justification of Chapter 1 

The main hypothesis of this thesis is that there is a genetic contribution explaining 

ES hypoplasia in patients with MD. For this purpose, in Chapter 2 we have performed a 

rare variant analysis (MAF<= 0.05) by gene burden tests to target candidate gene for ES 

hypoplasia.  

According to the studies carried out by Andreas Eckhard and David Bachinger 

(32,155), ES hypoplasia has been found in approximately 1 of 4 MD patients. Taking into 

account that the prevalence of MD in the European population is 1-2 per 2000 individuals 

(0.0005), the inferred prevalence of ES hypoplasia in the general population would be 1/4 

of 0.0005, that is, 0.000125 (1-2 each 10.000), or practically nonexistent. However, in 

these studies, less than 100 CT and their respectives TB were available from control 

individuals. This number of controls is not enough to confirm that ES hypoplasia is absent 

in the general population. 

Therefore, the Chapter 1 of this thesis was proposed to confirm that ES hypoplasia 

does not exist among the general population, and if it exists, to estimate its real 

prevalence. 

Since we cannot obtain CT images from the general population, we design a cross-

sectional study to estimate the prevalence of ES hypoplasia by selecting CT images that 

have been requested in the ENT Department for different pathologies. We selected 5 mm 

thick CT scans focused in the ear planes, which have sufficient resolution to visualize the 

vestibule, the SSC and AV. These specific CT scans are performed on patients who had 

attended the ENT service, and therefore, patients suspected of suffering from some audio-

vestibular or TB pathology. So, we finally got a "non-MD patient" cohort, rather than a 

"control" cohort. 

Patients with a diagnosis of MD, indications that they may develop, or patients 

younger than 40 years and who had two or three overlapping symptoms, including vertigo, 

tinnitus, or SNHL were excluded. 
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5.1.1 - Cohort of patients without MD 

Bearing in mind that 1-2 hypoplastic ES can be found every 10,000 individuals, our 

control cohort without MD should at least have such a number of individuals. However, 

given the magnitude of these amounts, the real target was established to get 500 

individuals (1000 ear CT). Since this is a longitudinal study that has not yet been 

completed, data from 175 patients processed so far are shown in this chapter as our non-

MD patients. Finally, 332 CTs were evaluated, after removing 25 ears in which it was not 

possible to measure ATVA due to image quality. The distribution of age, sex, country of 

origin, enrolled hospital and patient diagnosis is described in table 5.1.  

 

Table 5.1 – Cohort of non-MD patients. Continuous variables are described as the mean 
± standard deviation. Discrete variables are indicated as the number of individuals per 
category and the percentage represented. 

Variable   Variable  

Age 59.3 ± 11.9  Diagnosis  

Sex     Chronic otitis media 60 (38.2%) 

Female 84 (52.90%)   Conductive hearing loss 29 (18.50%) 

        Male 74 (47.10%   No specific diagnostic  17 (10.8%) 

Hospital    External ear pathology 13 (8.3%) 

Cordoba 68 (42.70%)   Acute otitis media 12 (7,60%) 

        Granada 89 (56.70%)   Sensorineuronal hearing loss 10 (6,4%) 

Country    Vertigo 5 (3.2%) 

Spain 154 (98.01%)   Serous otitis media 4 (2,5%) 

Germany 1 (0,6%)   Tinnitus 3 (1.9%) 

UK 1 (0,6%)   Facial paralysis 2 (1.3%) 

Morocco 1 (0,6%)  Mixed hearing loss 2 (1.3%) 
 

 
 

The categories for which patients underwent CT were classified into 11 diagnostic 

categories including: vertigo, tinnitus, sensorineural hearing loss, conductive hearing loss, 

mixed hearing loss, serous otitis media, acute otitis media, chronic otitis media, external 

ear pathology and facial paralysis. External ear pathology included tympanic perforation, 

granuloma, polyp, external otitis, osteoma, exostosis and stenosis. Patients who did not 

fit into the previous categories were included in the category of "without specific diagnosis" 
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including tympanoplasty, otorrhea, bone labyrinth alteration, ear cyst, otalgia, occupation, 

unspecified ear pain or discomfort, mastoid pain, trauma/contusion, headache, cancer or 

eardrum collapse.  

Patients presenting any of the symptoms of MD or vertigo were carefully examined 

(Figure 5.1), finding 41 (83.7%), 5 (10.2%), and 3 (6.1%) individuals with hearing loss, 

vertigo, and tinnitus, respectively. Of the 5 patients with vertigo and 3 with tinnitus, only 

one woman with tinnitus over 40 years of age was also affected with hearing loss in the 

right ear, but it had a conductive origin. In the patients with hearing loss, the 70.7% had 

conductive hearing loss, discarding the neurosensorial basis of the hearing loss in most 

of these individuals, and therefore MD. None of the 10 (24.4%) patients with SNHL and 2 

(4.9%) patients with mixed hearing loss had also experienced vertigo or tinnitus. 

 

  

Figure 5.1 – Patients with overlapping MD symptoms. 
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5.1.2 - ATVA measurements 
 

ATVA measurements were performed on magnifications of axial planes in the 

petrous part of the TB, in the area corresponding to the ear (Figure 5.2).  
 

 

Figure 5.2 - A) 5 mm thickness head axial CT. B) Magnification of the TB in the area of the left ear. 

Co:cochlea; IAC: internal auditory canal; LSC: lateral semicircular canal; PCF: posterior cranial 

fossa; pTB petrous part of the TB;  VA: vestibular aqueduct; Ve: vestibule. 
 

In most ears, two CT planes for each ear were needed, one to visualize the vestibule 

and LSC and a second one where the AV exit to the PCF could be differentiated (Figure 

5.3, A). Only in some patients the complete measurement could be performed on the 

same image (Figure 5.3, B). 

 

Figure 5.3 - Examples of ATVA measurements with the CoolAngle Calc software in two left ears 

(A and B) from two patients in our non-MD patient cohort, following the methodology previously 

explained in Figure 4.1. Panels A and B show sequential images of the ATVA measurement 

process in two ears that required one or two planes, respectively. The software provides the angle 

directly next to the image. In this case, ATVA angles were 95.17º in A ear, and 94.7º in B ear. 
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The agreement between the ATVA measurements between both observers was 

evaluated with a linear regression and the Bland-Altman plot. The regression indicates 

that there is a positive linear correlation between the measurements of the two observers, 

with a correlation coefficient of 0.7, showing some dispersion (Figure 5.4, A). The Bland-

Altman plot shows bad inter-observers ATVA concordance in only 15 ears of 332 (4.5%) 

(Figure 5.1, B). 

 

 
Figure 5.4 - Evaluation of ATVA concordance between observers. A) Linear regression between 

ATVA measured by the two observers. B) Bland-Altman plot. The x-axis shows the mean ATVA 

between observers. The y-axis shows the difference of the ATVA values measured between 

observers per ear. The black line indicates the mean of the differences between observers. The 

dotted red lines indicate the 95% CI with respect to the mean of the ATVA differences between 

observers. Red points represent poor ATVA correlation between the measurements of both 

observers. 
 
 

 

5.1.3 - ES hypoplasia was absent in our cohort of patients without MD 

Henceforward, and if not otherwise specified, ATVA marker values would refer to 

the average of ATVA values measured by two observers.  

 

ATVA markers greater than or equal to 140° were not found in the ears CT analyzed 

from the cohort of individuals without MD. This means that ES hypoplasia is absent in our 

non-MD patient cohort, or if this exists, it would occur in less than 1/175 (0.0057, 0.57%) 

if the calculation refers to the number of patients; or 1/332 (0.003, 0.3%) considering the 

number of ears. These thresholds may be lowered further with the analysis of our 1000 

CT images database. Average ATVA was 95.6±9.8º, with a maximum value of 126.63º 

and minimum of 65.95º.  
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5.1.4 - Relation of ATVA with age, sex or clinical diagnosis 

No associations were found between ATVA and age or sex (p= 0.11). Significant 

differences were observed between ATVA with mixed hearing loss and tinnitus (Figure 

5.5) 
 

 

Figure 5.5 – Evaluation of ATVA association with age, sex, and patient diagnosis in the non-MD 

cohort. A) Linear regression of ATVA and age. The regression line (red), dispersion shading (grey) 

and the correlation metrics are indicated on the plot. B) and C) Box-plot of ATVA according to sex 

and diagnosis of the patients, respectively. * between groups indicates p value < 0.05. 
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5.1.5 - ATVA values close to the finding of ES hypoplasia 

Since the ATVA angle moves on a continuous scale from normal (<120º with a mean 

of 95.6º±9.8º) to the hypoplastic phenotype (>140º), patients with ATVA in the 120 -140º 

interval were examined exhaustively. Four patients displayed ATVAs in this range, but 

none of them showed symptoms that could suggest a non-diagnosed MD. Two of them 

presented middle ear pathology: first with left ATVA of 121.3º had a contralateral 

cholesteatoma, and second with right ATVA of 115.7º an ipsilateral middle ear otitis. The 

third patient was a 41 years old woman with an ATVA of 126.6º in the right ear, but had 

undergone the CT scan to assess mixed hearing loss in the left ear. The fourth patient, a 

woman of 51 years old with an ATVA of 120.6º, attended the CT for evaluation of cochlear 

implant, showing a severe-profound bilateral SNHL. But since the ATVA was quite close 

to the normal limit and the other ear gave a normal ATVA of 105.7, it is ruled out that it 

could be a possible MD. None of these patients also had vertigo or tinnitus. 
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5.2 - Chapter 2: Identification of genes and 
variants associated with hypoplasia of ES in MD 
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5.2.1 - Identification of genes and variants associated with ES 
hypoplasia in sporadic MD patients 

5.2.1.1 - Sporadic MD hypoplastic cohort 

After the identification of the endotype in the patients with MD and the exclusion of 

those with an onset greater than 65 years, a total of 42 individuals formed the final 

sporadic MD hypoplastic cohort. Table 5.2 shows the distribution of the patients according 

to sex, age, age of onset and years of evolution of MD, laterality of the MD and ES 

hypoplasia (endotype), family history, and evaluation of some comorbidities such as 

migraine or vestibular migraine. 

 

Table 5.2 - Distribution of clinical variables in the MD hypoplastic cohort. Continuous 
variables are described as the mean ± standard deviation. Discrete variables are indicated 
as the number of individuals per category and the percentage represented. * per each 
population. 

Variable mean (years) ± sd  Variable Individuals (%) 

Age 51 ± 11  Family history  

Onset MD 37 ± 11  Familiar/sporadic 6 (14%) / 36 (86%) 

Years of evolution 14 ± 12    

   Comorbidities  

Variable Individuals (%)  migraine (yes/no) 2(5%) / 40 (95%) 

Sex   VM (yes/no) 3 (7%) / 39 (93%) 

Female/male 8 (19%) / 34 (81%)    

   Country  

MD laterality   CH/DE 27 (64%) 

Bilateral/unilateral 18 (43%) / 24 (57%)  Portugal/ Turkey 3 (7%)* 

Unilateral right/left 13 (31%) / 11 (26%)  Spain 2 (5%) 

   Croatia, India, Italy, 
Kosovo, Pakistan, 
Serbia/Montenegro, UK 

1 (2%)* 
 

Hypoplasia laterality   

Bilateral/unilateral 28 (67%) / 14 (34%)  

Unilateral right/left 4 (10%) /10 (24%)   

 

Among the 42 individuals of MD hypoplastic cohort, 6 (14%) had relatives with MD 

or symptoms overlapping with the disease. An in-depth analysis of these individuals and 

their families is made in section 5.2.2. 

 

In our cohort, bilaterality was fully associated between the diagnosis of MD and the 

findings of ES hypoplasia, since bilateral ES hypoplasia was found in all the 18 patients 

(43% of the cohort) with bilateral MD. The remaining patients (24 individuals, 57.1% of the 
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cohort) had a diagnosis of unilateral MD, where 41.7% (10 individuals) exhibit hypoplasia 

bilaterally, and 58.3% (14 individuals) unilaterally (p value < 0.01, X2 = 13.23). In the 

patients with unilateral MD and unilateral ES hypoplasia, the hypoplasia was always in 

the ipsilateral ear with MD (p value < 0.01). 
 

 
 

Figure 5.6 - Association between SE hypoplasia and MD diagnosis according to the affected ear. 
 

Finally, to illustrate ES hypoplasia finding, representative CT scans from control and 

ES hypoplastic patients are shown in Figure 5.7. 
 

 
 
 

Figure 5.7 – CT scan showing the left ear in a control (A) and a patient with ES hypoplasia (B). The 

AV exit trajectory is well visualized within the TB (orange bracket) on the control CT, finishing in 

the operculum (orange arrowheads). However, operculum appears abruptly in the individual with 

ES hypoplasia. The right panels show the corresponding ATVA measurements. 
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5.2.1.2 - Enrichment of SNV and short indels in the sporadic MD hypoplastic 
cohort 

5.2.1.2.1 - Enrichment of SNV in the sporadic cohort: candidate genes 
 

A database of SNV and Indels was created for the ES hypoplastic cohort with 

134.692 variants. After the annotation step, potential 20.780 causal variants with MAF ≤ 

0.05 and HIGH or MODERATE impact were retained and used as input for GBA.  

Significant enrichment of rare variants was found in 1150 genes versus both 

gnomADg global and gnomADg nfe reference populations, reduced to 1132 genes after 

removal of FLAGs genes. Final list included 94 genes, whose summarized variants had 

an allele frequency greater than or equal to 5% in our ES hypoplastic. Figure 5.8 shows 

the top 30 genes with the largest number of individuals. The complete list and their metrics 

are in Supplementary Table 2. 
 

 
 

Figure 5.8 – Representation of Odd ratios in the top 30 genes with an enrichment of rare variants 

in the highest number of MD and ES hypoplastic individuals, respecting to the reference 

populations nfe (left panel) and global (right panel) genomAD. Dot size indicates the number of 

patients with variants in that gene. Color scale refers to the total number of variants.  
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These genes were prioritized and ranked according to: i) the number of rare variants; 

ii) the number of individuals segregating the variants; and iii) the gene expression levels 

in the inner ear databases. Finally, 2 genes were selected as candidate genes for ES 

hypoplasia: ADAMTS18 and SDK1. 

 

5.2.1.2.2 - ES hypoplastic phenotype and MD clinical picture in patients with 

candidates ADAMTS18 variants 
 

 

The ADAMTS18 gene showed 7 missense variants in 15 different individuals (37,5% 

of MD-ES hypoplastic cohort), all in heterozygous (Table 5.3). The g.77434661G>C 

variant was shared in 6 individuals, g.77248008C>T in 4, and g.77367582G>A in 2. The 

remaining 4 variants were only found in 1 individual. In addition, one of the individuals had 

2 variants: g.77326001G>A and g.77248008C>T. No InDels were significantly enriched 

and prioritized on this gene. Some of the ADAMTS18 variants selected were validated by 

Sanger sequencing (section 5.3.1). 

 

The clinical picture of the patients with the shared variants of ADAMTS18 was 

examined to assess the segregation of the phenotype. In the six patients with the 

g.77434661G>C variant of ADAMTS18 in the cohort, four had a diagnosis of bilateral MD, 

and finding of bilateral ES hypoplastic endotype (Figure 5.9, B, C, F and L). Three of them 

show asymmetric audiometry, where one of the two ears is more affected than the other 

(Figure 5.9, B, C and L), and one patient has a symmetric condition (Figure 5.9, F). Of the 

2 unilateral MD patients, one of them had ES hypoplasia in the right ear, ipsilateral to the 

MD diagnosis (Figure 5.9, A), but SNHL was detected as fluctuating in the affected ear. 

The other patient with right unilateral MD has clearly affected hearing in his right ear, but 

has a finding of ES hypoplasia in both ears (Figure 5.9, D). As a summary, the auditory 

phenotype does not appear to follow a similar audiometric profile among these patients, 

neither according to the laterality of the disease nor the presence of ES hypoplasia. The 

letter that designates the patients in Figure 5.9 agrees with that given in Table 5.3 for each 

individual with a variant in ADAMTS18. 
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Table 5.3 - List of ADAMTS18 variants in the ES hypoplastic cohort 
ES hypoplastic patients 

Chr:Pos NT 
change ID Consequence Impact 

Protein 
AA 

change 
Exon CADD gnomADg 

AF nfe 
gnomADg 

AF 
AF hp 
cohort 

N 
het 

N 
 hom A B C D E F G H I J K L M N O 

chr16: 
77248008 C>T rs13332812 missense 

variant Moderate G52E 2/23 2.77 2.78E-02 3.70E-02 0.049 4 0                           
chr16: 

77326001 G>A rs139533163 missense 
variant Moderate R633C 13/23 28 1.70E-04 1.05E-04 0.012 1 0                              

chr16: 
77335883 C>T rs143359890 missense 

variant Moderate V578I 12/23 25.3 1.39E-04 2.02E-04 0.012 1 0                              
chr16: 

77341774 T>A rs765919646 missense 
variant Moderate H547L 11/23 22.5 1.50E-05 7.00E-06 0.012 1 0                              

chr16: 
77356036 T>C . missense 

variant Moderate K455R 9/23 28 1.50E-05 7.00E-06 0.012 1 0                              
chr16: 

77367582 G>A rs35701343 missense 
variant Moderate R213W 4/23 17.26 9.26E-03 5.90E-03 0.024 2 0                             

chr16: 
77434661 G>C rs200952997 missense 

variant Moderate P12R 1/23 15.87 9.11E-03 6.30E-03 0.073 6 0                         
 
Chr:Pos: variant chromosome and position in GRCh38/Hg38; NT change: nucleotide change indicated as reference allele > alternative allele; ID: variant 
identifier; Consequence: variant effect in the protein function according to VEP calculated consequences; Impact: classification of the magnitude of variant 
consequences; Protein AA change: position and amino acid change produced by variant;  Exon: exon of variant in the affected gene; CADD: Combined 
Annotation Dependent Depletion score; gnomADg AF nfe and gnomADg global AF show the minor allele frequency of each variants in gnomAD global and 
gnomAD non-Finish European databases, respectively (gnomAD v3.1); AF hp cohort: allele frequency of each variant in the ES hypoplastic cohort; N het/N 
hom display the number of individuals with each variant in homozygosis and heterozygosis, respectively. The last 15 columns show the distribution of 
ADAMTS18 variants in individuals with ES hypoplasia. The color of the variants depends on the number of individuals in which they are found (1: yellow; 
2: orange; 4: blue; and 6: green). 
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Figure 5.9 - Clinical data, PTA and CT from both ear in the six patients (panels from A to L) with the ADAMTS18,g.77434661G>C variant. NA: non available. 

PTA: pure-tone audiometry 
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5.2.1.2.2 - ES hypoplastic phenotype and MD clinical picture in patients with 

candidates SDK1 variants 

The SDK1 gene had 12 missense variants in 14 different individuals with the ES 

hypoplasia (33,3% of MD-ES hypoplastic cohort), all heterozygous (Table 5.4). The 

g.3951870G>T variant was shared by 4 individuals, g.3951025C>T by 3, meanwhile 

g.3974407C>T and g.3951861C>T were in 2 different individuals, each of them. The 

remaining 8 variants were only found in 1 individual. Moreover, the 3 patients with the 

g.3951025C>T variant had also g.3951870G>T, thus sharing 2 variants in the 3 same 

individuals. One of these three individuals is also the carrier of one of the variants in a 

single individual g.4221325A>C, having 3 rare variants in this gene. No InDels were 

enriched and prioritized on this gene. The SDK1 variants selected were validated by 

Sanger sequencing (section 5.3.1).  

The clinical information of patients with shared variants in SDK1 was examined to 

verify the segregation of the phenotype (Figure 5.10). Three individuals shared the same 

two variants, g.3951025C>T,A317V and g.3951870C>T,P367L (A,K,L). Two of them (K, 

L) had bilateral MD involvement and ES hypoplasia, and their audiograms showed a 

descending symmetric profile with moderate-severe impairment (L left ear not available in 

the figure). The third (A) had MD and ES hypoplasia unilaterally in the left ear, although 

SNHL fluctuated. A fourth patient (N) shared the variant g.3951870C>T,P367L with the 

previous three, and also had another variant g.3951861C>T,A364V shared with another 

individual (patient I, not shown in the figure). This case showed bilateral MD and 

hypoplasia, with a symmetrical descending audiogram with moderate-profound 

impairment. The clinical characteristics of patients with the same variants in SDK1 do not 

seem to segregate the audiometric profile and show different laterality of MD and ES 

hypoplasia. 
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Table 5.4 - List of SDK1 variants in the ES hypoplastic cohort 
  ES hypoplastic patients 

Chr:Pos NT 
change ID Consequence Impact 

Protein 
AA 

change 
Exon CADD gnomADg 

AF nfe 
gnomADg 

AF 
AF hp 
cohort 

N 
het 

N 
 hom A B C D E F G H I J K L M N 

chr7: 
3619104 

C>T rs201341557 
missense 

variant 
Moderate T108M 02/45 24.6 1.24E-04 1.82E-04 0.012 1 0                            

chr7: 
3951025 

C>T rs34775958 
missense 

variant 
Moderate A317V 06/45 24.7 3.15E-03 9.81E-03 0.037 3 0                          

chr7: 
3951861 

C>T rs76259242 
missense 

variant 
Moderate A364V 07/45 22.6 9.17E-03 5.92E-03 0.024 2 0                           

chr7: 
3951870 

C>T rs117824452 
missense 

variant 
Moderate P367L 07/45 6.33 3.32E-03 2.88E-03 0.049 4 0                         

chr7: 
3962743 

G>A rs139796765 
missense 

variant 
Moderate G441R 09/45 24.9 1.18E-02 1.12E-02 0.012 1 0                            

chr7: 
3974407 

C>T rs36103726 
missense 

variant 
Moderate S619L 13/45 13.85 1.58E-02 1.00E-02 0.024 2 0                           

chr7: 
3987268 

C>T . 
missense 

variant 
Moderate P693S 14/45 23.8 0.00E+00 0.00E+00 0.012 1 0                            

chr7: 
4077067 

C>T rs61735696 
missense 

variant 
Moderate T1027M 21/45 17.73 1.95E-02 1.95E-02 0.012 1 0                            

chr7: 
4149315 

C>T rs146602325 
missense 

variant 
Moderate R1493C 30/45 25.6 1.70E-04 1.74E-04 0.012 1 0                            

chr7: 
4149316 

G>A rs766715101 
missense 

variant 
Moderate R1493H 30/45 24.2 9.30E-05 4.90E-05 0.012 1 0                            

chr7: 
4220247 

A>G rs149005994 
missense 

variant 
Moderate N1893S 39/45 23.3 6.81E-04 7.12E-04 0.012 1 0                            

chr7: 
4221325 

A>C . 
missense 

variant 
Moderate T1930P 40/45 13.94 0.00E+00 0.00E+00 0.012 1 0                            

 

Chr:Pos: variant chromosome and position in GRCh38/Hg38; NT change: nucleotide change indicated as reference allele > alternative allele; ID: variant identifier; Consequence: 
variant effect in the protein function according to VEP calculated consequences; Impact: classification of the magnitude of variant consequences; Protein AA change: position 
and amino acid change produced by variant;  Exon: exon of variant in the affected gene; CADD: Combined Annotation Dependent Depletion score; gnomADg AF nfe and 
gnomADg global AF show the minor allele frequency of each variants in gnomAD global and gnomAD non-Finish European databases, respectively (gnomAD v3.1); AF hp 
cohort: allele frequency of each variant in the ES hypoplastic cohort; N het/N hom display the number of individuals with each variant in homozygosis and heterozygosis, 
respectively. The last 14 columns show the distribution of SDK1 variants in individuals with ES hypoplasia. The color of the variants depends on the number of individuals in 
which they are found (1: yellow; 2: orange; 3: purple; and 4: blue). 
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Figure 5.10 - Clinical data, hearing thresholds (PTA) and CT scans from both ears in the five patients (panels from A to N) with the SDK1 

variants most shared between individuals. PTA: pure-tone audiometry. 
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5.2.1.3 - Analysis of structural variants in the sporadic MD hypoplastic 
cohort 

5.2.1.3.1 - Large structural variants 

The SVDB overlapping LSV dataset from TIDDIT resulted in a total of 44 LSV. After 

removing 1 LSV located in a FLAG gene and those mapped in non-coding regions, 21 

LSV were retained (Supplementary Table 3).  Of these 21 LSV, only 2 variants present in 

more than one individual were prioritized (Table 5.5, bold and gray background). The first 

of these is a tandem duplication in the TBC1 Domain Family Member 16 (TBC1D16) gene, 

present in 3 individuals. Its conservation metrics are not very high, and its pathogenicity 

prediction uncertain. The other one is an 6590bp inversion in Long Intergenic Non-Protein 

Coding RNA 917 (LINC00917) gene, present in 4 individuals, one homozygous and 3 

heterozygous. 

On the other hand, MANTA identified 13 LSV after SVDB overlap and FLAGs 

removal (Supplementary Table 3).  Five variants in CASP8, CHROMRM-PRKPA and 

SKA3 were found in more than 1 individual and prioritized (Table 5.5, bold and gray 

background). Variants in one individual but overlapping in prioritized genes were also 

shown. The deletion in the caspase 8 (CASP8) gene was found in the largest number of 

individuals. Six patients had this tandem duplication of around 3000bp, classified as 

“uncertain significance”. This gene did not show very high constraints. In addition, five 

deletions of different lengths were found along the Spindle And Kinetochore Associated 

Complex Subunit 3 gene (SKA3), present in the same five individuals. These span from 

position 21155811 to 21167989 on chromosome 13, over more than 12,000 bp. The third 

most frequent LSV was in the Protein Activator Of Interferon Induced Protein Kinase 

EIF2AK2 (PRKRA) gene, another deletion of around 3000bp occurred in 3 individuals. Its 

constraint score was not high, but it was classified as “Likely pathogenic” by ACMG 

guidelines. Interestingly, this variant separates around 3000bp from another 5290bp 

deletion that also involves the PRKRA gene and upstream Cholesterol Induced Regulator 

Of Metabolism RNA (CHROMR) gene. This second variant in PRKRA is heterozygous in 

a single individual and cataloged as “benign”. The rest of the LSV found by MANTA were 

only found in 1 patient. 

Only 1 SV in the WWP2 gene was replicated between both tools, but it was in only 

1 individual (Supplementary Table 3). 
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5.2.1.3.2 – Copy number variants 

The SVDB overlapping variant dataset from CnvKit resulted in a total of 852 CNV. 

After removing those mapped in non-coding regions and FLAG genes, and selecting those 

located in regions with high constraint (pLi > 0.9 in gnomAD or ExAC) and “pathogenic” 

or “likely pathogenic” ACMG classified, 21 CNV were selected (Supplementary Table 4). 

CNV present in more than 1 individual are showed in Table 5.6, and those in the largest 

number of individuals were prioritized (bold and gray background). 

The most represented CNV were presented in four individuals. The first are 

duplications involving the Transforming Growth Factor Beta 2 (TGFB2) and MicroRNA 

548f-3 (MIR548F3) genes in heterozygosis, where there are 176, 256, 189 and 57 more 

expected copies in each patient, respectively. The second was a deletion in homozygosity, 

affecting the Glucose-Fructose Oxidoreductase Domain Containing 2 (GFOD2) and RAN 

Binding Protein 10 (RANBP10) genes. Interestingly, two different CNV were called in the 

same Ring Finger Protein 43 (RNF43) and Heat Shock Transcription Factor 5 (HSF5) 

genes, starting at the same position but differing by almost 70,000bp at their end. The 

longer variant also comprises the downstream Myotubularin Related Protein 4 (MTMR4) 

gene. The 3 and 2 affected individuals in homozygosis in both variants are different, which 

makes a total of 5 affected individuals in these two genes. 

5.2.1.3.3 – Replication of genes enriched in SNV-Indels and SV 

The SKA3 gene showed LSV overlapping an enrichment of rare SNV/InDels.  In 

addition to the 5 LSV deletions, 7 SNV/InDels were found in 12 individuals as a result of 

the GBA (Supplementary Table 2, line 10). These variants span across chromosome 13 

from positions 21155150 to 21172498 and include 2 missense variants, 2 frameshift 

insertions, and 2 splice site acceptor variants. Four of the 5 individuals with the LSV also 

have at least 1 SNV or InDels in SKA3. However, the quality of those variants is not very 

good and it would be necessary to validate them. 

In no other gene were replicated the enrichment of SNV or Indels and presence of 

SV.
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Table 5.5 - List of candidate LSV in the ES hypoplastic cohort 

Tool Gene/s Chr Start End Length Type 
AF    

cohort 
N ind 

(hom/het) 
GnomAD 

pLI 
ExAC   

pLI 
ACMG 

TIDDIT 
LINC00917 16 86345402 86352129 6596 INV 0.060 4  (1/3)  ND  ND  ND 

TBC1D16 17 80021923 80025068 3146 TDUP 0.071 3  (3/0) 0 0.01 US 

MANTA 

CASP8 2 201281925 201284727 -2792 DEL 0.119 6  (4/2) 0 0 US 

CHROMR; PRKRA 
2 178436319 178441609 -5290 DEL 0.012 1  (0/1) 0.42 0.15 B 

2 178444501 178447508 -3007 DEL 0.036 3  (0/3) 0.42 0.15 LP 

SKA3 

13 21155811 21157923 -2110 DEL 0.012 1  (0/1) 0 0 B 

13 21158122 21159902 -1776 DEL 0.060 5  (0/5) 0 0 B 

13 21158126 21161789 -3663 DEL 0.012 1  (0/1) 0 0 B 

13 21159987 21161790 -1802 DEL 0.060 5  (0/5) 0 0 B 

13 21161875 21167989 -6112 DEL 0.060 5  (0/5) 0 0 B 

            

Gene/s: LSV mapped gene or genes; Chr: chromosome; Start and End: SV starting and ending position in GRCh38/Hg38; Length: size of SV in base 
pairs; Type of SV including DEL (deletion), DUP (duplication); INV (inversion); N ind (hom/het): number of individuals with the SV, specifying in 
brackets how many present SV in homozygosity and heterozygosity; pLI: probability of being Loss of Function variant intolerant gene in GnomAD 
and Exac databases. pLi >= 0.9 regions are considered as high-constrained. ACMG: American College of Medical Genetics guideline classification. 
LB: likely-benign; US: uncertain significance; LP: likely-pathogenic. ND: non-describe 
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Table 5.6 - List of candidate CNV in the ES hypoplastic cohort 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Gene/s: LSV mapped gene or genes; Chr: chromosome; Start and End: SV starting and ending position in GRCh38/Hg38; Length: size of SV in base 
pairs; Type of SV including DEL (decreases in the number of copies) or DUP (increases in the number of copies); n ind: number of individuals with 
SV in homozygosity (n hom) and heterozygosity (n het); pLI: probability of being Loss of Function variant intolerant gene in GnomAD and Exac 
databases. pLi >= 0.9 regions are considered as high-constrained. ACMG: American College of Medical Genetics guideline classification. LP: likely-
pathogenic; P: pathogenic. ND: non-described; CN: number of copies in the CNV. In duplications, the incremented number of copies are specified 
per individual. In deletions are indicated as -2 (homozygous deletion) or -1 (heterozygous deletion)

Gene/s Chr Start End Length Type 
AF 

cohort 
N ind 

(hom/het) 
GnomAD 

pLi 
ExAC 

pLi  
ACMG CN 

MIR548F3; TGFB2 1 218346476 218441728 95252 DUP 0.048 4  (0/4) 1.00 0.99 P 
+176, +256, 
+189, +57 

MYT1L 2 1789112 1887121 -98009 DEL 0.071 3  (3/0) 1.00 1.00 LP -2 

TSC1 9 132895943 132928955 33012 DUP 0.024 2  (0/2) 1.00 1.00 P +9, +10 

CPSF7; CYB561A3; TKFC; 
TMEM138; TMEM216 

11 61346832 61404704 -57872 DEL 0.048 2  (2/0) 1.00 0.99 P -2 

GFOD2; RANBP10 16 67677765 67726021 -48256 DEL 0.095 4  (4/0) 0.97 0.95 P -2 

ANKRD11; ZNF778 16 89228836 89268146 -39310 DEL 0.048 2  (2/0) 1.00 1.00 P -2 

CHD3; CYB5D1; NAA38 17 7859908 7887081 -27173 DEL 0.071 3  (3/0) 1.00 1.00 LP -2 

HSF5; RNF43 17 58402639 58421864 -19225 DEL 0.071 3  (3/0) 0.98 0.74 LP -2 

HSF5; RNF43 
MTMR4; 

17 58402639 58491583 -88944 DEL 0.048 2  (2/0) 1.00 1.00 LP -2 

METTL2A; TLK2 17 62449643 62508553 -58910 DEL 0.071 3  (3/0) 1.00 1.00 P -2 

CERS1; GDF1; UPF1 19 18866520 18878756 -12236 DEL 0.071 3  (3/0) 1.00 1.00 P -2 
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5.2.2 - Identification of genes and variants associated with ES 
hypoplasia in familiar MD patients 

5.2.2.1 - Familiar patients in the MD hypoplastic cohort 

In the 42 individuals of the MD and ES hypoplastic cohort, 6 (14%) had relatives 

with MD or symptoms overlapping with the disease. These probands were classified as 

familiar MD patients and their families cataloged as families 1 to 6. Pedigrees and detailed 

clinical evaluation of probands and relatives, both affected and controls, is found in Figure 

5.11 and Table 5.7, respectively. 
 

 
 

Figure 5.11 - Pedigrees of familiar MD patients with ES hypoplasia. Black filled symbols: MD; white 
filled symbols: controls for MD; strikethrough symbols: deceased individuals; oblique lined filled 
symbols: low-frequency SNHL; grey dotted symbols: individuals where it was not possible to collect 
sample or clinical information. Hp-uni and Hp-bi on the top right of the symbols indicated unilateral 
and bilateral ES hypoplasia, respectively; arrows point to probands; “?” inside symbols make 
reference to subject suspected to have course MD (in older generations) or suspected to develop 
MD (in younger generations). 
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Table 5.7 - Clinical evaluation of familiar MD patients and affected relatives or controls.  

  General Meniere disease ES endotype Symptoms / Comorbidities Comments 

PC Status Proc. Age Sex Diag. Onset YOE Lat. ES-hp Hp-Lat. SNHL M VM  

Family 1               

I-2 suspected SM na f susp na na na - na na na na not-available 

II-8 affected SM 53 m def 38 15 bilat. hp bilat. nd nd nd  

II-9 proband SM 52 m def 28 24 bilat. hp bilat. nd nd nd  
               

Family 2               

I-1 affected CH/DE 78 m def 30 48 bilat. hp bilat. nd yes nd  

II-1 proband CH/DE 55 m def 28 27 bilat. hp bilat. nd nd nd  

I-2 control CH/DE 52 f no - - - normal - nd nd nd  
               

Family 3               

II-1 affected CH/DE 59 m def 51 8 left hp left nd nd nd  

II-2 proband CH/DE 60 m def 30 30 left hp left nd nd nd  
               

Family 4               

I-1 suspected CH/DE 83 m susp 45 38 bilat. hp bilat. nd nd nd 
suspected to have 

coursed MD 

I-2 control CH/DE 81 f no - - - - - nd nd nd  

II-1 affected CH/DE 51 f def 46 5 left hp bilat. nd nd yes  

II-2 control CH/DE 52 m no - - - - - nd nd nd  

II-3 control CH/DE 57 f no - - - - - nd nd nd  

II-5 proband CH/DE 59 m def 30 29 bilat. hp bilat. nd nd nd  

III-1 suspected CH/DE 29 m susp - - - hp left nd nd nd 
suspected to develop 

MD 

III-2 suspected CH/DE 27 m susp - - - hp bilat. nd nd nd 
suspected to develop 

MD 

III-3 control CH/DE 26 m no - - - no - nd nd nd  
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  General Meniere disease ES endotype Symptoms / Comorbidities Comments 

PC Status Proc. Age Sex Diag. Onset YOE Lat. ES-hp Hp-Lat. SNHL M VM  

Family 5               

I-1 suspected CH/DE deceased m susp nd nd nd hp bilat. nd nd nd 
suspected to have 

coursed MD 

I-4 control CH/DE 89 f no - - - - - low-freq nd nd  

II-3 control CH/DE 62 m no - - - hp bilat. high-freq nd nd  

II-4 control CH/DE 62 f no - - - - - low-freq nd nd  

II-5 control CH/DE 53 f no - - - - - 
flat 

audiogram 
nd nd  

II-6 nd CH/DE nd f nd nd nd nd nd nd nd nd nd epilepsy, disabled 

III-1 proband CH/DE 23 m def 17 6 left hp bilat. low-freq nd nd 
suspected to develop 
bilateral affection. EHs 

in left ear. 

III-2 control CH/DE 26 f no - - - - - low-freq nd nd  
               

Family 6               

I-2 suspected Turkey deceased f susp nd nd nd nd nd nd nd nd 
suspected to have 

coursed MD 

II-2 proband Turkey 57 m def 33 24 left hp left nd nd nd  

II-4 nd Turkey nd f no - nd - - - - - - waiting for evaluation 

III-1 suspected Turkey 23 m susp - - - hp left nd nd nd 
suspected to develop 

MD 

III-2 nd Turkey nd m no - nd - - - - - - waiting for evaluation                
Family 7               

II-1 control Kosovo 24 f no - - - normal - nd nd nd  

I-2 proband Kosovo 50 f def 40 10 right hp right nd yes nd  
 

Information of table 5.7 include: pedigree familiar code (PC); Status of individuals referring to MD: MD affected, suspected to have coursed or to develop MD, 
differentiating the proband, and control; General column include procedence (Proc.), Age in years and Sex (f-female or m-male); MD column include: diagnosis 
of MD (Diag.) - definitive (def), suspected (susp) or no MD; Years old in the onset of MD; years of evolution (YOE) and MD laterality (Lat.); ES endotype column 
include: ES-hp being "hp" or "normal" when ES hypoplasia or normal ES is found, respectively, and "-" when ES have not been evaluated, and hp-Lat. indicating 
laterality of ES hypoplasia; Symptoms/Comorbidities column display some information about presence of migraine (M); vestibular migraine (VM) and 
sensorineural hearing loss (SNHL). na: not available. SM: Serbia/Montenegro; CH/DE: Swiss/Deutschland.
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5.2.2.2 - Candidate variants in familiar MD patients 

Four candidate variants from the GBA performed in the MD and ES hypoplastic 

sporadic cohort were present in 4 familial probands, all in ADAMTS18. Specifically, the 

ADAMTS18 variant g.77434661G>C shared by 6 individuals was found in the probands 

of family 1 (II-9) and family 2 (II-1) (Figure 5.12, A). On the other hand, the ADAMTS18 

variant g.77248008C>T was discovered in the probands of family 4 (II-5) and family 5 (III-

1) (Figure 5.12, B). Sanger validation for some of these variants displays in Section 5.3.1. 

Any of the candidate variants in SDK1 was found in a familial patient. 

In the family 1, g.77434661G>C was heterozygous in proband II-9 and his brother 

II.8. Both show bilateral MD and bilateral ES hypoplasia. Unfortunately, we do not have 

more samples of this family. The mother does not have a definitive diagnosis of MD but 

she appears to have experienced vestibular and auditory symptoms throughout her life. 

Samples and CT from the mother as affected individual, and from controls (including father 

and some sisters/brothers) would be necessary to confirm segregation of the variant with 

the phenotype and ES hypoplasia in this family. In family 2, the g.77434661G>C variant 

was also described in the proband II-1. Both he and his father (I-1) have the heterozygous 

variant and a diagnosis of bilateral MD and bilateral ES. The sister (II-2) has shown no 

vestibular or auditory symptoms at age 52, and her CT confirms that she does not show 

ES hypoplasia. However, the variant g.77434661G> C was also present in this woman. 

Lastly, it is noteworthy that these four familiar patients with this g.77434661G>C variant, 

II-8 and II-9 in family 1, and I-1 and II-1 in family 2, had bilateral affection of both de MD 

diagnosis and the ES hypoplasia laterality.  

In family 4, the variant g.77248008C>T was found in proband II.5. Her sister (II-1) 

has left MD and bilateral ES hypoplasia. Her father (I-1), now 83, never had a definitive 

MD diagnosis, but he suffered from vestibular and auditory symptoms. A CT performed at 

a younger age revealed the presence of bilateral ES hypoplasia, so it is suspected that 

this individual could have developed MD. Two sons of his affected sister, nephew III-1 and 

III-2, exhibit unilateral and bilateral ES hypoplasia, respectively, both still without 

audiovestibular symptoms. The third brother, III-3, displays a normal ES endotype in his 

CT, and no symptoms. Evaluated familiar controls (I-2, II-2, II-3, III-1 and III-3) did not 

display MD compatible symptoms. When the segregation of the variant g.77248008C>T 

was sought in the members of this family, the affected II-1 and the suspected of have been 

affected I-1 also displayed the variant. However, it was also found in the unexpected 

control sister II-3. None of the nephews with ES hypoplasia III-1 and III-2 had it. 
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Figure 5.12 - Families where candidate variants g.77434661G>C (panel A) and g.77248008G>T 

(panel B) in ADAMTS18 were found in their probands. Variants found and individuals with variants 

are indicated to the right of the pedigrees. Blue asterisks indicate individuals with variants. Black 

filled symbols: Meniere Disease; white filled symbols: controls for Meniere Disease; strikethrough 

symbols: deceased individuals; oblique lined filled symbols: low-frequency SNHL; grey dotted 

symbols: individuals where it was not possible to collect sample or clinical information. Hp-uni and 

Hp-bi on the top right of the symbols indicated unilateral and bilateral ES hypoplasia, respectively; 

arrows point to probands; “?” inside symbols refer to subjects suspected to have developed MD (in 

older generations) or suspected to develop MD (in younger generations). 

 

The variant g.77248008C>T was found in proband III-1 in family 5. This individual 

was diagnosed with MD when he was only 17 years old and currently has 6 years of 

evolution. His symptomatology is unilateral to the left and he has ES hypoplasia bilaterally. 

His father (II-3) has ES bilateral hypoplasia, but at his current 62 years he has not manifest 
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vestibular symptoms or tinnitus, although he exhibits a moderate drop in hearing at high 

frequencies, typically related to age. His paternal grandfather (I-1), now deceased, 

suffered from auditory and vestibular symptoms that suggest MD, although he was never 

diagnosed. The maternal part of his family does not show MD, but is characterized by a 

rare audiometric profile with low-frequency hearing loss that segregates in three 

generations in 5 individuals, including II-1. The study of this phenotype is addressed 

below, in section 5.2.2.3. The g.77248008C> T variant was present also in his father II-3, 

in his mother II-4 and in his grandmother I-4, in all cases in heterozygosity. 
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5.2.2.3 - Low-frequency SNHL in family 5 

In family 5, in addition to hypoplasia and MD disease, low-frequency SNHL 

segregated in five individuals across three generations with a clear pattern of autosomal 

dominant inheritance. This phenotype was studied to find a candidate variant that could 

explain the phenotype. 

5.2.2.3.1 - Audiovestibular evaluation  

In family five, subject III-1 was diagnosed with unilateral right MD at age 17, 

accompanied by episodes of rotational vertigo lasting several hours, aural pressure, and 

moderate SNHL in the ipsilateral ear. EHs were also found in the affected ear.  All three, 

III-1, his father II-3 and his grandfather I-1 showed bilateral ES hypoplasia. II-3 had no 

symptoms of MD and was considered as control for the disease, since it is not expected 

to develop the pathology by the age of 62. I-1 was suspected of having MD, since he 

suffered from symptoms overlapping with the disease during his life, but he did not receive 

a definitive diagnosis. In addition, retrospective analysis of his CT images described 

bilateral ES hypoplasia (Figure 5.11, panel for family 5).  

 

Apart from MD and ES hypoplasia, low-frequency SNHL segregated in five 

individuals in this family (I-4, II-4, II-5, III-1, and III-2) across three consecutive 

generations, suggesting an SNHL autosomal dominant inheritance pattern (Figure 5.12). 

PTA described bilateral and symmetrical audiograms, excepting III-1 with unilateral left 

affection (Figure 5.13). SNHL showed anticipation, beginning in the 50s, 30s and 20s 

years old in the first, second and third generation, respectively. Taking into account the 

profile of each generation, evolution over time can be delineated. In this way, mild hearing 

loss would start early (about the 2nd-3rd decade of life) affecting frequencies below 500 

Hz (20–40 dB), as in the case of III-2. After 10-20 years, moderate thresholds (30-50 dB) 

would be reached at low-tones, and middle-high frequencies impairment would start, 

typical of hearing loss related to mature age (as in II-4). In the older generation, low-tone 

hearing loss stabilizes but rest of frequencies deteriorate, resulting in the usual flat 

audiogram in the elderly. II-3 displayed a symmetric and decreasing audiogram profile 

with different configuration, affected at high frequencies (> 3000 Hz) in mild to severe 

levels (from 30 to 70 dB), usually of age-related SNHL. Therefore, this individual can also 

be considered as a control for low-frequency SNHL exhibited by their offspring and his 

wife's family. 
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Figure 5.13 - PTA from individuals of family 5. Red series: left ear; blue series: right ear; dB: 

decibels; kHz: kilohertzs. 
 

 

5.2.2.3.2 - Prioritization of candidate variants 

Family variants dataset contained 51,423 SNVs and short InDels. After retaining 

those shared among the individuals with low-frequency hearing loss (I-4, II-4, II-5, III-1 

and III-2), but absent in control (II-3), there remained 2654 variants. Of these, 626 were 

identified as having a HIGH or MODERATE impact according to VEP. Among them, 10 

variants had been described in gnomAD with a MAF less than or equal to 0.001 and 5 

with a CADD score >= 20. These 5 final candidates consist of 1 stop gain variant and 4 

missense variants, summarized in Table 5-8. 

 

5.2.2.3.3 – The candidate CENPP gene and variant  

The novel variant in the CENPP gene g.92613131T>A,C283* was top-ranked due 

to the HIGH impact of the LoF variants, their more elevated CADD and their classification 

as “pathogenic” by the ACMG. This variant affects the canonical transcript in exon 8 

producing an early stop codon from cystein 283 and onwards, truncating the protein at the 

amino-terminal end. Chromatograms of Sanger sequencing validation of the variant in 

patients I-4, II-4, II-5 and III-2 is shown in section 5.3.1. 
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Table 5.8 - List of candidate rare variants in the family 5 

Gene Chrom Position ID Ref Alt Consequence Impact 
gnomAD AF 

nfe 
gnomAD AF 

global 
CADD ACMG 

CENPP chr9 92613131 . T A Nonsense High ND ND 32 P 

NEIL3 chr4 177322544 rs1338708417 A G Missense Moderate 4.60E-05 2.10E-05 29.4 US/LP 

PPP1R1A chr12 54582069 rs202211027 C T Missense Moderate 0.0011 0.000572 24.9 US 

FRMPD3 chrX 107602107 rs183198624 C G Missense Moderate 0.0005 0.000387 22.9 LB/US 

PIPOX chr17 29043230 rs747657795 C T Missense Moderate 1.50E-05 1.40E-05 22.4 US 

 
ND: non-described. Chrom: chromosome; Pos: position; Ref: allele in reference genome; Alt: alternative variant allele; Consequence: variant consequence 
according to Variant Effector Predictor tool (Ensembl); gnomAD AF global/nfe: variant allele frequency worldwide/in non-Finnish European population; 
CADD: Combined Annotation Dependent Depletion pathogenic score; ACMG: American College of Medical Genetics guidelines classification: likely benign 
(LB), uncertain significance (US), likely pathogenic (LP), pathogenic (P). 
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CENPP expression in the inner ear was contrasted in the gEAR portal in mice. RNA-

seq assays have shown that, both in vestibular organs and cochlea, the highest 

expression is registered during the embryonic stage (E16), decreasing to minimum levels 

at birth (P0). It increases again postnatally, although not to levels as high as during 

embryonic development (192,193). Comparing between structures in stage P0, the 

expression is higher in the vestibular sensory epithelium than in the cochlear, and in both 

structures the HC show lower levels compared to SC (193–195). 

 

 

 
 

Figure 5.14 – CENPP modeled by Robetta-AB method. Shaded area includes the truncated region 

because of the variant, deleting from cysteine 283 onward. Amplified panels show the loss of polar 

interactions of glutamate 285 and alanine 284 with arginine 213 between wildtype and mutated 

protein. 

 
Best validations were obtained with Robetta-ab models (Supplementary Table 5). 

Protein modeling using the Robetta-ab method is comparable to models created by 

experimental techniques (196). The trimming of the final five amino acids produces a slight 

reduction in stability (SCOOP:ΔΔG = 0.4 kcal/mol), and leads to the loss of the polar 

interaction between glutamate 285 and alanine 238 with arginine 213 (Figure 5.14, 

amplified region).  
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5.3 - Chapter 3: Validation of genes and variants 

associated with hypoplasia of ES in MD 
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5.3.1 - Candidate variants were validated by Sanger sequencing 

Candidate variants of patients with MD and ES hypoplasia in the sporadic and 

familial cases with lower coverage or quality were validated by Sanger sequencing to 

confirm their presence (Figure 5.15). The patients nomenclature and the color of the 

variants are the same as those used in figures 5.9 and 5.10 in sporadic patients, or 

pedigree codes in familial cases. 

 

 
 

Figure 5.15 - Sanger validation of candidate variants in ADAMTS18 (panel A); SDK1 (panel B) and 

CENPP (panel C). The different variants are indicated with arrows of different colors, whose 

correspondence is indicated in the legend. 
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5.3.2 - Immunohistochemical analysis revealed the expression of 
Adamts18 in the mice inner ear 

 
Hereunder, the results of the IHC on the axial sections in the mouse head are 

exposed, separating the cochlear duct, the vestibular organs, the SE region and the 

remodeling bone surrounding cochlea and vestibular organs (Figure 5.16, Figure 5.17, 

Figure 5.18 and Figure 5.19), respectively. 

 

In the general view of the cochlea (Figure 5.16, A), clear specific signal for Adamts18 

is observed in the organ of Corti, the stria vascularis and the bodies of the SGN. This 

staining can be observed with more precision on the magnification (Figure 5.16, C), where 

it is possible to distinguish the different cells that constitute the organ of Corti. Labeling 

can be differentiated on both sides of the tunnel of Corti, the inner HC and outer HC. 

Panels E and F focus on the stria vascularis, where obvious signaling can be differentiated 

along its entire length. Remarkably, a slight signal is observed at the edge of the 

membranous and osseous labyrinths, in the border between both types of tissues, 

specifically between the fibrocytes of the spiral ganglion and the remodeling bone (label 

as “bLab” in the figure). No signal was observed in the negative controls (figure 5.16, B, 

D, G and H). 

 

The vestibular organs and SCC were also investigated. Due to the three-

dimensional complexity of the vestibular system, only the utricule and SSC are visualized 

in these sections (Figure 5.17). In the magnifications, staining is unequivocally 

distinguished in the utricular maculae and crista vascularis of the SSC, (Figure 5.17, C 

and E, respectively). Surprisingly, the similar signal observed at the membranous and 

osseous labyrinths borders (bLab) in the cochlear duct is again revealed in vestibular 

organs. No signal was observed in the negative controls (figure 517, B, D, F). 

 

The course of the ES is observed emerging from the inner surface of the otic capsule 

in the PCF, running along the SS (Figure 5.18). The narrower and more tubular proximal 

part of the sac (pars canalicularis) is not yet completely surrounded by bone at this 3-day 

postnatal stage. In the extraosseous zone (eES), the ES reaches its greatest volume, 

resting on the SS. The bone canal that forms the AV, which starts from the vestibule and 

reaches the PCF through the otic capsule, is not observed in these sections. In the ES 

and surrounding structures, no specific signal was observed, nor in the lumen or the ES 

epithelial cells (Figure 5.18, A, B).  
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The Adamts18 signal was observed, as indicated, in the limits of the membranous 

and osseous labyrinths around the cochlear duct and vestibular organs (bLab) (Figure 

5.16 and Figure 5.17). Therefore, more distal areas of the otic capsule were also 

investigated (Figure 5.19). T Interestingly, Adamts signal is observed in chondrocytes in 

an intermediate stage between hypertrophy and ossification (Figure 5.19, A, B, F, E) 

during the endochondral ossification process, schematized in Figure 5.19, I. In this step 

the heterogeneous cartilage matrix is digested by osteoclasts and calcified by osteoblasts 

to produce mature bone. Cells in this stage are characterized by loss of cells tabication, 

collapse of cytoplasms, and caking of nuclei. 
 

 
 

Figure 5.16 – General view of mouse TB in the axial plane (A, B), with magnification of Organ of 

Corti (C,D) and stria vascularis (E-H) areas. Specific staining for Adamts18 label as a brown 

precipitate. B, D, G and H are negative technical controls. BM: basilar membrane; bLab: boundaries 

of membranous/osseous labyrinth in the cochlear duct; bSGN: bodies of spiral ganglion neurons; 

IHC: inner hair cells; OC: Organ of Corti; OHC: outer hair cells: RM: Reissner membrane; SL: spiral 

ligament; SMe: scala media; STi: scala timpani; SV: stria vascularis; SVe: scala vestibuli; TB: 

temporal bone; TM: tectorial membrane. Scale bar: 100μM (A, B), 50μM (C-H). 
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Figure 5.17 – Axial section in the mouse vestibular organs area. General view (A, B) and 

magnification of SSC crista ampullaris (C, D) and utricular maculae (E, F). B, D, and F show 

negative technical controls. bLab: boundaries of Labyrinths (membranous and osseous) in the 

vestibular organs. Co: cochlea; Cu: cupula; ISC: inferior semicircular canal; SSC-A: ampulla of 

superior semicircular canal; SSC-Ca: crista ampullaris of superior semicircular canal; TB: temporal 

bone; U:utricule; U-Ma: utricular maculae. Scale bar: 100μM (A,B), 50μM (C-F). 

 



 

113 
 

 
 

Figure 5.18 – General view of the mouse TB. The PCF and SS area (A, C) and magnification (B, 

D).  Specific staining for Adamts18 label as a brown precipitate. B and D show negative technical 

controls. eES: extraosseous PCF; LSC: lateral semicircular canal; PCF: posterior cranial fossa; 

TB: temporal bone; SS: sigmoid sinus SSC: superior semicircular canal. Scale bar: 100μM (A,B), 

50μM (C-F). 
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Figure 5.19 – Mouse axial section in the otic capsule surrounding cochlear and vestibular organs. 

General view (A, B) and magnifications (F, E) in several areas of bone remodeling. Lower panels 

C, D, G and H are negative technical controls. I: schematic figure of bone maturation by 

endochondral ossification, modified from (197). bLab: boundaries of labyrinths (membranous and 

osseous); HC: hypertrophic chondrocytes; PC: proliferative chondrocytes; preHP: pre-hypertrophic 

chondrocytes; RC: resting/germinal chondrocytes; SMe: scala media; SL: spiral ligament; SV: stria 

vascularis; PCF: posterior cranial fossa; SSC: superior semicircular canal; OC: ossificated 

condrocytes; U: utricule. Scale bar: 100μM (A-D), 50μM (E-J). 
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5.3.3 - Western Blot assay replicated the expression of Adamts18 in the 
mice inner ear 

 
Western blot assays replicated Adamts18 expression in the inner ear organs 

observed in the IHC. The cerebellum was chosen as a positive control, and the spleen as 

a negative control, according to the expression data in both mouse and human consulted 

in BioGPS and GTEX systemic databases. 

The figure 5.20 shows 4 revealed membranes including organs of 4 different 

biological replicates (R1-R4), except in cochlea, where at least 6 ears from 3 different 

animals were used per line. It is necessary to specify that the line "Co" includes the 

sensory epithelium of the cochlea without bone, "V.O." carries part of the vestibule and 

the SCs plus the surrounding bone, and "O.C." include only bone, specifically the otic 

capsule that surrounds the sensory epithelium of the cochlea. Replica 1 did not include 

the line with only the otic capsule. The ES was not included due to the difficulty in 

dissecting this structure at the P3 stage in mice. 

The expression of both controls was found as expected, giving signal in the 

cerebellum and being absent in the spleen. In the target organs, the cochlea showed the 

highest expression, even more than the positive control. The expression in vestibular 

organs plus otic capsule was lower than in cochlea, although it was also evident. 

Expression in the otic capsule surrounding the sensory epithelium of the cochlea was less 

appreciable. Significant differences were found in the expression levels between 

cerebellum and cochlea versus negative control. 
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Figure 5.20 – Western Blot expression assays identifying Adamts18 expression in the inner ear 

organs. A) Membrane revealed in four different biological replicates (R1-R4). B) Signal 

quantification. Ce: cerebellum; Co: cochlea; V.O.: vestibular organs; TB: temporal bone; Sp: 

spleen. Error bars: SEM; Significant differences (p value < 0.05) are indicated with *. 
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5.3.4 - Evaluation of rare variants in protein structure or expression 

5.3.4.1 - ADAMTS18 variants 

To understand the effects of the uncommon variations in the ADAMTS18 protein, 

we analyze the location of these variants across the secondary structure of the protein. 

This includes examining the specific areas (or domains) within the protein where they 

occur, how each segment of the protein is organized, and the changes that happen to the 

protein after its initial creation (post-translational modifications) (Figure 5.21). 

 

Figure 5.21 - Structural information of ADAMTS18 and location of the rare variants found in the 

hypoplastic cohort. A) Scheme of the structure of ADAMTS18 in terms of the domains that compose 

it, the cellular compartmentalization of each segment and the post-transcriptional modifications to 

which it is subjected. B) Variants in ADAMTS18 found in the hypoplastic cohort. The legend for 

variants indicates the number of patients in which each variant is found depending on color. 

 

Human ADAMTS18 (Uniprot Accession Number Q8T660) has 1221 aminoacids and 

a molecular mass of 135,167 kDa. ADAMTS18 is a member of metallopeptidases family 

with enzymatic activity. In their structure, ADAMTS enzymes include from amino to 

carboxi-terminal extremes: a signal peptide, a pro-peptide region, and the mature chain 

composed of a catalytic domain with a reprolysin-type zinc-binding motif, a disintegrin-like 
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region, a central thrombospondin type-1 (TSP) motif, a cystein-rich region, a spacer 

region, five additional C–terminal TSP repeats and a protease and lacunin motif (PLAC). 

Carboxi-terminal regions from the first TSP motif to PLAC determine substrate specificity. 

In fact, the different types of forms in ADAMTS family differ in the number of these TSP 

domains. The pro-peptide of about 280 amino acids is cleaved to generate the mature 

protein. The cysteine switch motif including residues 252-259 housed the active site with 

the catalytic conserved cysteine. Its binding and dissociation to ion Zn2+ produces inhibition 

and activation of the enzyme, respectively. 

ADAMTS18 is a secreted protein, found mainly in the extracellular space. The 

protein is subject to various glycosylations that mediate for proper secretion. This enzyme 

has been associated with biological processes including ion binding, 

metalloendopeptidase activity, and organization of the extracellular matrix. 

In this work we have found an enrichment of 7 missense variants in 15 individuals 

in ADAMTS18. The g.77434661G>C,P12R variant shared in 6 individuals involves a 

change from proline to arginine at amino acid 12, in the signal peptide from a polar 

uncharged amino acid proline to a positively charged arginine. The second most 

represented variants, 16:77248008C>T,G52E and 16:77367582G>A,R213W in 4 and 2 

individuals, respectively, are found in the propeptide. The rest of the variants in 1 individual 

are distributed in the peptidase, disintegrin and TSP-type-1 domain. The variants 

g.77341774T>A,H547L and g.77335883C>T,V578I are located one residue close to an 

amino acid that forms disulfide bonds. The amino acid changes produced, from histidine 

to lysine (both positively charged) and from valine to isoleucine (both hydrophobic) should 

not sterically alter the formation of the bond and the three-dimensional protein structure. 

None affect a glycosylation residue or active site.  
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5.3.4.2 - SDK1 variants 

In order to assess the consequences of our rare variants, the location of the variants 

is studied in relation to the domains of SDK1 protein, the cellular compartmentalization of 

each motif, and the post-transcriptional changes to which it is subjected (Figure 5.22).   

 

 

Figure 5.22 - Structural information of SDK1 and location of the rare variants found in the 

hypoplastic cohort. A) Scheme of the structure of SDK1 in terms of the domains that compose it, 

the cellular compartmentalization of each segment and the post-transcriptional modifications to 

which it is subjected. B) Variants in SDK1 found in the MD and ES hypoplastic cohort. The legend 

for variants indicates the number of patients in which each variant is found depending on color. 
 

Sidekick molecule 1 (Sdk1) is a transmembrane member of Sdk proteins, included 

in the immunoglobulin superfamily. Sdk proteins have an important role as adhesion 

molecules promoting the synaptic connections in the membrane of interneurons.  

Human SDK1 (Uniprot Accession Number Q7Z5N4) has 2213 aminoacids and a 

molecular mass of 242,112 kDa. In its structure, from the amino to the carboxy terminus, 

several domains are arranged as follows: the signal peptide and propeptide composed by 

one ectodomain with 6 Ig-like motifs and 13 fibronectin-type III (FNIII) motifs, and a short 

cytoplasmic domain with a PDZ motif. Ig-like domains intervene in protein dimerization 

and cell-cell adhesion, PDZ interact with cytoplasmic molecules and define the synaptic 

localization, and FNIII is thought to be involved in adhesion to the neighboring cell 

membrane (Yamagata 2020).  
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In this work we have found an enrichment of 12 missense variants in 14 individuals 

in SDK1. Those shared between higher individuals are found in the Ig-like domains in the 

protein. The g.3951870C>T,P367L variant in Ig-like 3 present in 4 individuals produce a 

change from a proline to a lysine, changing a bulky and hydrophobic amino acid to a 

positively charged polar one. Also g.3951025C>T,A317V, and g.3951861C>T,A364V, 

found in 3 and 2 individuals respectively, are located in the Ig-like 3 domain. Both generate 

a change of alanine for valine, two very similar hydrophobic amino acids, which only differ 

in one more carbon in the valine side chain. The other variant determined in2 individuals 

(g.3974407C>T,S619L) is found in the Ig-like 6 domain, changing a non-charged polar 

serine to a positively charged lysine. 

 

The rest of the variants are only found in 1 individual. Of note, the variant 

g.4220247A>G,N1893S in the FNIII 3 motif makes disappear an asparagine that 

undergoes glycosylation, modifying to a serine, also an uncharged polar amino acid but 

with a shorter side chain. The two variants g.4149315C>T,R1493C and 

g.4149316G>A,R1493H affect the same residue 1493 of the FNIII 9 domain. The change 

from arginine to histidine maintains a charged residue, while the change to serine adds 

an SH group. The rest of the variants are found in Ig-like 1 (g.3619104C>T,T108M), Ig-

like 4 (g.3962743G>A,G441R), FNIII 1 (g.3987268C>T,P693S) and FNIII 4 

(g.4077067C>T,T1027M) domains, and do not affect any amino acid that forms disulfide 

bridges or undergoes glycosylation. 
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5.3.5 - Functional analysis of GBA enriched variants genes 

 
Among the eight databases contrasted in the functional analysis and using as input 

the 94 enriched genes resulting from the SNV/InDels GBA, only those appearing in Figure 

5.23 were significantly enriched. Detailed information from these pathways is shown in 

Table 5.9. 

GO according to “cellular compartments'' (cc) and Reactome revealed similar 

pathways referring to the formation and maintenance of the ECM, including “collagen-

containing extracellular matrix”, “extracellular matrix” and “extracellular matrix 

organization”. The encoded proteins in these pathways included ECM constituents 

(COL6A6 and COL20A1, MTN4, TECTA), interactors between ECM and cells (NID1, 

ITGA1), enzymes or enzymes regulators (ADAMTS18, PAPLN, ITH4), and transcription 

factors ligands (LTBP2, LTBP3).  

According to disease annotation databases, OMIM and DisGeNET co-annotation 

revealed the relationship with non syndromic hearing loss of WHRN, MYO7A and TECTA, 

widely associated with the organization of stereocilia HC and constituent of TM in the inner 

ear sensory epithelia. 

The top 20 of the most enriched routes and pathways (although not significantly) 

contrasted in the rest of the databases are shown in the Supplementary Figure 1. 
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Figure 5.23 - Significantly enriched cellular compartments, pathways and diseases with our 94 GBA rare variants enriched genes. 
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Table 5.9 - Functional analysis enriched pathways using input genes from our GBA analysis.  

 

Columns (left to right) indicate: Database and standarized code for that term in each database; description of term; genes found: entities (genes) found in 
our input list in that particular reference pathway; input size: number of genes in our input list annotated in each reference database. Total genes: number of 
total genes in that particular reference pathways; p value adj: Benjamini/Hochberg FDR corrected p value; Relative enrichment: proportion between i) the 
ratio of input genes found in the pathway respecting to the input genes found in the database, and ii) the ratio of total genes in the pathway referring to the 
total genes in the database; and the name of genes. (Additional information in https://genecodis.genyo.es/). 

Database: entity ID Description 
Genes 
found 

Input 
size 

Total 
genes 

p value 
adj 

Relative 
enrichment 

Genes 

GO (cc): GO:0030054 cell junction 13 92 938 3.6E-02 2.84 
SYNM, PPL, PRAG1, IGSF9B, SLX4, 
ALOX15B, SDK1, MXRA8, SHANK1, 
WHRN, IGSF9, DTNB, MYO7A 

GO (cc): GO:0031012 extracellular matrix 7 92 284 3.6E-02 5.06 
COL6A6, NID1, LTBP3, TECTA, 
LTBP2, PAPLN, ADAMTS18 

GO (cc): GO:0062023 
collagen-containing 
extracellular matrix 

8 92 379 3.6E-02 4.33 
ITIH4, COL6A6, COL20A1, NID1, 
LTBP3, MATN4, TECTA, LTBP2 

Reactome: R-HSA-
1474244 

Extracellular matrix 
organization 

8 52 301 2.9E-02 5.36 
COL6A6, COL20A1, NID1, LTBP3, 
MATN4, ITGA1, LTBP2, ADAMTS18 

OMIM-Disgenet co-
annotation: C3711374 

Nonsyndromic Deafness 4 46 81 6.4E-03 10.51 CEMIP, TECTA, WHRN, MYO7A 

OMIM-Disgenet co-
annotation: C1384666; 
C3711374 

hearing impairment, 
Nonsyndromic Deafness 

3 46 40 6.4E-03 15.96 TECTA, WHRN, MYO7A 

OMIM-Disgenet co-
annotation: C0010606 

Adenoid Cystic 
Carcinoma 

3 46 100 4.3E-02 6.38 CREBBP, SON, SRCAP 

OMIM-Disgenet co-
annotation: C1384666 

hearing impairment 3 46 98 4.3E-02 6.52 TECTA, WHRN, MYO7A 

OMIM-Disgenet co-
annotation: C4277690 

Ciliopathies 3 46 110 4.4E-02 5.80 EVC, WHRN, MYO7A 
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6. – Discussion 
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Our work goal was to characterize the molecular genetics of ES hypoplasia and to 

confirm that this histopathological condition defines an endophenotype in MD.  

The studies carried out by Andreas Eckhard and David Bächinger defined the 

foundations in the definition of both histopathological findings, hypoplasia and 

degeneration of the ES in MD patients. The significant differences existing in the clinical 

picture and pathological findings in the TB may define two distinct endophenotypes within 

the disease. Intriguingly, the presence of a family history of MD, SNHL, or vertigo, TB 

abnormalities, primarily bilateral involvement, and a propensity for early onset were 

associated with the ES hypoplastic phenotype (32,156).  

In patients with ES hypoplasia, the diagnosis of MD, unilateral or bilateral, is 

associated always with the same ear, or ears in which the ES finding was found 

(32,156). In a posterior investigation, Bächinger described that in the case of bilateral ES 

hypoplasia but a diagnosis of unilateral MD, 69% developed symptoms in the contralateral 

ear in a mean of 12 years (157). All together suggests that the presence of hypoplasia is 

clearly related to the development of MD, and it supports the hypothesis of a genetic cause 

during the formation of the ES. In this way, the abnormalities found in the TB during 

development would lead to the abrupt termination of the ES at the exit of the AV in the 

operculum, producing an alteration in the endolymph drainage and increasing the 

pressure inside the inner ear, thus producing the clinical picture of symptoms associated 

with MD, including the presence of EH. 

Therefore, the main objective of this Thesis is to identify the genes associated with 

the hypoplastic endotype of the ES in MD patients. 

MD is considered a complex disease with great heterogeneity, including variable 

symptoms at its onset, which can manifest with different severity, presence of 

comorbidities and with a multifactorial etiology, comprising an immune-related facet, 

alterations in the endolymphatic flow, and the genetic background. Over 20% of patients 

have a family history, where autosomal dominant or recessive inheritance patterns, 

sometimes with incomplete penetrance, and partial clinical pictures (85). Therefore, the 

genetic approach will be focused on multiple genes or causative variants with moderate 

and additive effects on phenotype and rare allele frequency in the general population 

(160). 
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6.1 - ES hypoplasia is absent in our cohort of patients without 
MD 

Our approach to find the genetic basis of ES hypoplasia will be based on the search 

for rare variants using the control population as a reference. This approach assumes that 

ES hypoplasia does not exist in the control population. 

ES hypoplasia was identified in about 1 in 4 MD patients in the investigations 

performed by Eckhard et al., and Bächinger et al., (32,155). Given that there are 1-2 cases 

of MD in every 2000 people in the European population, the inferred prevalence of ES 

hypoplasia in the general population would be 1-2 per 10.000, or practically nonexistent. 

Nevertheless, less than 100 controls were contrasted in these trials, a few observations 

that cannot guarantee the non-existence of this finding in the general population. 

Therefore, the Chapter 1 of this thesis aims to confirm the absence of ES hypoplasia in 

the general population. For this purpose, we conducted a retrospective cross-sectional 

study to explore the prevalence of ES hypoplasia in the general adult population. 

One problem with the study design was the requirement of CT scan with enough 

resolution in the ear region to show the bony boundaries of the vestibule, SSc, and AV. 

These specific CT are from patients coming from the ENT department, and therefore, the 

specialists who ordered these tests already suspected some type of audio-vestibular 

pathology. Thus, our cohort of patients cannot be referred to as a "control" population, 

because it is biased by the type of patients who attend the otolaryngology clinic. In 

consequence, the CT recruitment process was focused on avoiding the inclusion of 

patients who might have undiagnosed MD or who might develop it in the future. In this 

way, exclusion criteria included i) definitive diagnosis of MD, and ii) patients who had 

experienced episodes, overlapping or not, of at least two main symptoms of the disease 

(vertigo, SNHL or tinnitus) with less than 40 years old, since the onset of this pathology is 

usually late. Finally, we refer to this cohort as the “non-MD cohort”. 

After patients and CT recruitment, some patients in the non-MD cohort had clinical 

symptoms overlapping with MD, with 5 (3.2%) having vertigo, 3 (1.9%) having tinnitus, 

and 10% (6.4%) having SNHL. These patients were further examined and in no case they 

had experienced any other overlapping symptoms of MD. 

In our cohort of non-MD patients, we did not find cases of ES hypoplasia in the 332 

ears analyzed. This would indicate that ES hypoplasia is absent in patients without MD, 
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and if it exists, its prevalence is below 0.57% if we refer to the number of patients or below 

0.3% if we think of the number of ears. The mean ATVA value for these patients was 95.6 

± 9.8º, with a maximum of 126.63º and minimum of 65.95º. In Eckhard et al., histological 

sections from 20 TB of controls for EH and MD were studied, where no ES hypoplasia 

was found (32). Sixty-two controls, where histology sections were available for 46 

individuals and both histology sections and CT were available for 16 individuals were 

analyzed in Bächinger et al. Again, no ES hypoplasia was described and mean of ATVA 

values was 102.3 ± 9.8º (155). 

Of course, 332 ears is not enough to ensure that ES hypoplasia does not exist in 

the population, when the estimated prevalence has been 1-2 per 10,000. In our initial 

design, 500 patients were included, making a total of 1000 ears. This is a longitudinal 

study that is yet to be completed, which is expected to increase the number of ears 

studied, and thereby decrease the estimated prevalence in our current calculations. 

However, this study represents a first step to ensure the absence of this finding in the 

general population, beyond the 20 and 62 controls analyzed in previous studies (32,155). 

An interesting study was carried out with the same methodology by Jung et al., (198) 

Their cohort of 301 patients is similar to our non-MD cohort, since it included adult cases 

with various otological diseases, differentiating four patient groups: MD, superior canal 

dehiscence (SCD), superior canal dehiscence syndrome (SCDS), and grouping the rest 

as a "Control" group. These authors did not find significant differences in the ATVA 

according to the established groups. In the 572 ears analyzed, 14 ears (2.3%) in 13 

patients showed ATVA in the range of ES hypoplasia (>140 degrees). Only one of these 

patients had a diagnosis of MD, but in the ear contralateral to the ES hypoplasia. The rest 

showed SCDS, thin bone over the superior semicircular canal, intracochlear 

schwannoma, otosclerosis, or asymptomatic/presbycusis without MD. Consistent with our 

non-MD cohort, the mean ATVAs per group were between 105-108º. This study estimates 

a frequency of ES hypoplasia of 2.4% (if we refer to the number of ears), or 4.3% (if we 

focus on the number of individuals) in patients without MD. Thus, this study establishes a 

much higher prevalence than our research.  

In our experience, the AVTA measurement is subject to some variability introduced 

by the user. In fact, some of these variations were even 15-20 degrees between 

observers. But, taking into account all measurements, only 4.5% (15 of 332 ears) showed 

poor interobserver agreement according to the Bland-Altman plot, and ATVA linear 

regression showed a positive correlation coefficient of 0.71. Since a difference of 15-20 
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degrees can perfectly mean the difference between the classification of an individual as 

"control" or "case" for ES hypoplasia, these cases could be studied later more deeply by 

both observers. A similar coefficient of 0.78 was also obtained by Bächinger et al., 

although it was only tested in a randomly selected 14% of cases) (156). So, we conclude 

that in general, ATVA measures were robust and reproducible. However, Jung et al. are 

more critical of the method, indicating that it could be standardized with added restrictions 

to improve the reproducibility of the detected measures (198). 

We have also studied the relationship of ATVA with age, sex and pathology to 

confirm that ATVA is independent of these variables. Since the size and shape of women 

skull  is smaller than men's, we hypothetised that the  TB could also be smaller in women 

(199). Age could also have affected, for example due to tissue degeneration over time, 

producing some variation that would affect VA. However, our results show no association 

of ATVA with the individual's age, sex, or pathology, being specific to the ES finding. Only 

a significant difference was found between tinnitus and mixed hearing loss. Nevertheless, 

some of these pathology groups are overrepresented, such as chronic otitis media with 

more than 100 individuals, meanwhile others have less than 10 individuals, such as 

vertigo, tinnitus, serous otitis media or mixed hearing loss. This is due to the fact that CT 

is usually performed in ENT for monitoring and diagnosis of chronic otitis media, 

cholesteatomas, otosclerosis, conductive-type hearing loss and to discard suspicions of 

secondary pathologies such as bone lesions or neoplasms, and for this reason these will 

be more represented.  
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6.2 - The characteristics of our MD and ES hypoplasia cohort 
are consistent with other patients with the same MD endotype 

The classification of MD endophenotypes into hypoplastic and degenerative was 

postulated in 2019, so there are few studies that have used this methodology to study 

their cohorts of patients with MD. Thus, we can talk about the following cohorts of MD and 

ES hypoplasia: i) cohort of TB described by Eckhard et al., 2019, with 9 individuals (32); 

ii) the Bächinger et al., 2019 cohort, with 17 individuals (156); iii) the cohort of Jung et al., 

2023 with 11 individuals (198), and iv) our cohort with 42 individuals. The last three cohorts 

have been obtained using the same methodology: the ATVA analysis on CT images, and 

for this reason they will also be more easily comparable. 

 

There is a high concordance between some clinical variables studied from ours and 

the Bächinger cohort, referring to sex, age, onset of first MD symptoms, presence of family 

history, and relation between the laterality of MD and ES hypoplasia. Both had a 

preponderance of men (81% vs 94%) and a similar proportion of cases with MD family 

history (14% vs 12 %), in ours and Bächinger cohort, respectively. Patients developed first 

symptoms earlier in our cohort than Bächinger, with a difference of 6 years in the age 

mean (37 ± 11 vs  43 ± 9 years old) (156). 

 

Considering the laterality of the MD, our cohort displays practically half each, with 

57.1% of unilaterals and 42.9% bilaterals, being rather 70/30 in the Bächinger cohort, with 

29.4% unilateral and 70.6% bilateral. Taking into account the laterality of ES hypoplasia 

referring to MD laterality, the number and proportion of individuals who showed i) bilateral 

MD and bilateral ES hypoplasia, ii) unilateral MD and ES hypoplasia, and iii) unilateral MD 

and ES hypoplasia bilateral were 18 (42.9%) and 5 (29.4%), 14 patients (33.3%) and 9 

patients (52.9%), and 10 (23.8%) and 3 (17.6%), being the first data given corresponding 

to our cohort (n=42) and the second data from the Bächinger cohort (n=17). In both sets, 

bilateral ES hypoplasia always corresponds with bilateral MD, and unilateral ES 

hypoplasia was always found in the ipsilateral ear of MD symptoms (156). The exact 

numbers of patients with MD and ES hypoplasia concerning laterality are not specified in 

the study of TB (32). No hypoplastic ATVA ear was described by Jung et al., in their MD 

group, but this may be due to such a limited sample of 11 MD individuals (198). 

 

Focusing on unilateral MD patients, the authors hypothesized that patients with 

unilateral MD and unilateral ES hypoplasia have low risk of developing MD in the 
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contralateral ear, the same probability as any healthy ear (156). In fact, none of these 

contralateral ears showed other pathological symptoms such as the presence of EH. 

These individuals represent 33.3% (14 cases) in our cohort, and 52.9% (9 cases) in the 

Bächinger cohort. Conversely, it is expected that in patients with unilateral MD and 

bilateral ES hypoplasia the symptoms expand to finally become bilateral affection. Those 

cases consist of a total of 23.8% (10 cases) and 17.6% (3 cases) in our cohort and 

Bächinger one, respectively. In fact, Bächinger et al. verified posteriorly that around 69% 

of patients with bilateral ES hypoplasia and unilateral MD developed symptoms in the 

contralateral ear in an average of 12 years, meanwhile patients with unilateral ES 

hypoplasia and unilateral MD remained affected in initial ear (157). In our cohort, the years 

of evolution for this set of patients (10 individuals) is currently 10.3 ± 5.6 years. It would 

have been expected that in three patients with 16, 17 and 21 years of evolution, this 

progression or worsening would have already been observed. 
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6.3 - The abnormal development of the temporal bone, the ES, 
the ED and the VA are widely related to the appearance of MD   

The definition of ES hypoplasia is relatively recent, but other abnormalities of the 

TB, the VA, the ED and the ES had been described since MD began to be studied. Stahle 

and Wildbrand described a lack of pneumatization, a shortened VA, and a narrowed VA 

exit to the PCF in 63 TB of MD patients (113). The findings of poor pneumatization were 

replicated by Sando and Ikeda, but also noticed hypoplasia of VA, in another cohort with 

27 bones from patients with MD and EH versus 79 individuals with EH but without 

apparent otological disease (114). A decreased width of the ED isthmus and a collapsed 

ES lumen were also described in 25 EH and MD TB versus 25 controls (119). In Hebbar's 

research, loss of tubular complexity in the pars canalicularis of ES was observed, in 

addition to reduced ED and VA diameters in the region proximal to vestibule (200). The 

volume occupied by the ES has been compared between MD patients and healthy 

individuals from reconstructions and 3D modeling of TB. Thus, Bloch and Friss and 

Monsanto have reported that this space was significantly smaller in TB of patients with 

MD than in healthy individuals or cases with EH only (201,202). Finally, a displaced SS 

has also been observed in patients with MD (115). Regarding microstructural alterations, 

fibrosis processes in the ES epithelium and perisaccular tissue were found in MD 

specimens, including total absence of the epithelium, and collapse ES lumen (119,120). 

Similarly, Eckhard et al. reported the frequent finding of expelled epithelial cells, pyknotic 

nuclei, and fibrosis in the eES in histological sections of MD patients with ES degeneration 

and idiopathic EH (32). 

Petrous part of the TB includes the otic capsule surrounding inner ear sensory 

organs. Most parts of the otic capsule reach adult-like proportions at mid-term during 

development. However, the distal region of the VA and the extraosseous ES undergoes 

changes in the postnatal stage and during several years, extending over the posterior 

surface of the TB lying in the dura mater still in growing. These changes include the 

opening of the AV to the PCF, generating an opening (operculum), which would rest on a 

spur of the TB. The shape, size, and extent of the operculum, the spur, the distal VA and 

the extraosseous ES vary broadly among adult skulls (203). Thus, environmental factors 

(such as middle ear infections) could affect the formation of the eES in individuals with 

risk genetic variants. 

The features related to the hypoplastic ES endotype: a male predominance, bilateral 

affection, a tendency to early onset, presence of canal dehiscence in the SSC and PSC, 
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and findings of familial history of MD, SNHL or vertigo, suggest the hypothesis of a 

developmental or genetic cause. In this way, the alterations that could occur at the time 

of distal VA and eES formation would result in the observed histological abnormalities and 

clinical features. The temporal differences in the development of both areas of the otic 

capsule would explain why Bächinger et al. found that the entrance of the VA into the TB 

from the vestibule in adults is defined by a standard angle with very few variations, while 

the exit from the AV to the PCF in the operculum is much more variable (155). In fact, 

ATVA marker in TB of 14 patients with MD and ES hypoplasia and 42 fetuses was similar, 

meanwhile it differed significantly from 62 control adult bones. Thus, VA and ES 

development could have been arrested in an earlier stage in patients with MD and ES 

hypoplasia (155). 
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6.4 - Genetic analysis of ES hypoplasia in Meniere Disease 
The results obtained from the GBA, the SV analysis and the functional analysis have 

pointed to candidate genes in several biological pathways, associated with some 

phenotypes or diseases, and supported by the IHC and WB expression assays. Some of 

these potential pathways could be altered as a result of burden of variants, which could 

ultimately produce the phenotype observed in our MD and ES hypoplastic patients. 

With this in mind, the subsequent discussion is organized in three main sections, 

differentiating various groups of candidate genes and pathways that might be affected. 

They include: 6.4.1) genes and pathways involved in the development of audio-vestibular 

organs; 6.4.2) genes associated with bone remodeling, with a focus on the otic capsule 

and temporal bone; and 6.4.3) genes and pathways related with transmission of 

information by SGN from auditory or vestibular circuits to higher brain centers. In these 

pathways, at least one of our main candidate genes ADAMTS18 or SDK1 is represented, 

apart from other less significantly enriched genes involved in the same biological process, 

whose alteration could be having an additive effect to the phenotype. 

 

6.4.1 - Candidate genes in the MD and ES hypoplastic cohort associated 

with audio-vestibular related function 

6.4.1.1 - Candidate gene ADAMTS18 

ADAMTS18 is a member of the ADAMTS family proteins (a domain similar to 

disintegrin and metalloproteinase with thrombospondin type 1 motifs). This family includes 

19 different ADAMTS proteins whose main functions have been described in the formation 

and degradation of the extracellular matrix (ECM) in processes of tissue morphogenesis, 

repair and remodeling (204). The gene coding for this protein, ADAMTS18, was prioritized 

as one of the top candidate genes with enrichment for rare variants in our MD and ES 

hypoplasia cohort. A total of 7 variants in 15 patients was found, meaning they were 

present in 35.7% of our cases. The variants were widely shared among individuals, with 

2 of them being found in 6 and 4 individuals, respectively. 

Expression of Adamts18 in mice has been located mostly in developing tissues, with 

its highest expression in embryonic development or early postnatal stages, such in the 

eye (E10.5 - E11.5), lung (E11.5 - E15.5), kidney (E10.5-P0), salivary glands (E13 .5 - 

E14.5), lacrimal glands (E14.5 - E15.5), vascular systems (E10 - E16.5), small intestine, 
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adipose tissue (2 weeks postnatal), central nervous system (E18.5 - 2 weeks postnatal), 

and male and female reproductive tracts (1 - 6 weeks postnatal). In fact, several human 

GWAS association studies and animal models investigations have reported important 

roles of ADAMTS18 in the organogenesis of these tissues, including: lens, epithelial 

branching of the lung, kidney, salivary glands and lacrimal glands, formation of the aortic 

arch and common carotid artery and angiogenesis of the caudal venous plexus, 

organization of the fenestrated endothelium in the villi of the small intestine, development 

of visceral white adipose tissue, morphogenesis of cerebellum and hippocampus dentate 

gyrus cells, and formation of preputial gland and vagina in reproductive tracts (204). 

However, there are no studies that associate ADAMTS18 with the development or normal 

physiology of the ear or inner ear, neither in the sensory nor in the structural part. 

The inner ear sensory epithelia are composed of sensory HC and structural SC. 

Both organize and communicate through the intercellular junctions and the surrounding 

ECM (10). This matrix is mainly formed by collagen, tenascin, chondroitin sulfate 

proteoglycans and integrins (205). The importance of maintaining this matrix has also 

been highlighted, and the deregulation of its components has been associated with 

different abnormalities (206). So, deletion of the collagen receptor DDR1, involved in 

adhesion and migration functions, produces altered morphology of basal cells in the stria 

vascularis, HC and several types of SC, leading to deafness in mice (207). Alteration of 

matrix metalloproteases (MMP) have been related to development of SNHL (208–211). 

Induced elevated levels of MMP2, MMP9 and MMP14 lead to imbalance in ECM turnover 

and oxidative stress in the cochlea, producing disconnected tectorial membrane from HC, 

thinner stria vascularis and enlargement of spiral ligament fibroblasts (208). Exacerbated 

capillarization of cochlear ECM has been observed in mice models for Alport syndrome 

when inhibitors for MMP2, MMP9, MMP12 and MMP14 were administered, suggesting 

that these proteins are involved in basement membrane metabolism (210). Treatment of 

organ of Corti explant cultures with gentamicin induced MMP2 and MMP9 overexpression, 

meanwhile adding MMP inhibitors resulted in hair cell death, suggesting they maintain a 

basal expression with protective function (211). Moreover, other metallopeptidases of 

ADAMTS18 family have been revealed to have an inner ear purpose. Hu et al. found 

Adamts1, Adamts2, Adamts5 and Adamts8 expression by RNA-seq and RT-PCR in the 

sensory epithelium of the adult rat cochlea, where Adamts1 showed the highest levels by 

far. Interestingly, after exposure to noise, an overexpression of Adamts1 and Adamts8 

levels was observed (206). Moreover, Yamamoto et al., identified that Adamtsl1 acts as a 

marker in the differentiation pattern of the sensory and structural region of vestibule and 
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semicircular canals by RNA-seq in E13.5 mice during inner ear development, validating 

the expression by IHC (212). 

In our IHC assay, the expression of Adamts18 is revealed in the sensory epithelia 

of P3 mice sections including the organ of Corti in the cochlea (in the inner and outer HC, 

SC, and stria vascularis), the macula of the utricle, and the crista vascularis of the SSC 

(Figure 5.16 and 5.17). In addition, western blot analysis confirms the expression in the 

sensory epithelia in the cochlea and vestibular organs (Figure 5.20). Besides, ADAMTS18 

could be carrying out functions similar to those revealed by the studies of other 

metalloproteinases of the ADAMTS and MMP family mentioned above. These include i) 

the correct anchoring of HC and SC to basement membranes, but also HC attachment to 

the TM, otolithic membranes and cupula; ii) the maintaining of stria vascularis and spiral 

ligament integrity; and iii) a protective function against both chemical (cytotoxic molecules) 

and mechanical (acoustic trauma) damages. The stria vascularis, moreover, is a highly 

vascularized tissue, and ECM components play a decisive role in the formation of new 

vessels and capillaries. ADAMTS18 have been related to the angiogenesis of big vessels 

such as the aortic arch, the common carotid artery and the caudal venous plexus (dang 

2018, ye 2021, lu 2020), but also endothelial sprouting (213), and several MMP proteins 

have been associated with vascularization of cochlear ECM (210). So ADAMTS18 could 

be involved in the regulation of the ECM in the stria vascularis, where it could be 

orchestrating blood vessels development.  

In addition, our Adamts18 labeling is also observed in the boundaries of the 

membranous and osseous labyrinth both in the cochlear duct and vestibular organs 

(Figure 5.16 and 5.17). In this situation, Adamts18 would be remodeling the ECM that 

maintains the edges between these two diverse tissues, constituted of different cell types, 

and with functions as diverse as the correct reception of auditory-balance stimuli and the 

protective task of the otic capsule. In the western blot assays, the Adamts18 signal is 

observed with high intensity in the sensory epithelium of the cochlea ("Co" line), but also 

in the surrounding otic capsule ("O.C." line), although with less signal (Figure 5.20). 

However, we cannot know where this boundary zone between the two labyrinths has been 

dissected. 
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6.4.1.2 - Other candidate genes in the ES hypoplastic cohort related with MD 
audiovestibular phenotype 
 

Other genes found in our analysis were related to inner ear disorders, though they 

appeared less significant than our candidate genes. Among them are Myosin VIIa 

(MYO7A), α-tectorin (TECTA) and whirlin (WHRL) (Figure 5.8 and Supplementary Table 

2). Myosin VIIa and whirlin intervene in the interaction of actin cytoskeleton to the proteins 

forming the ankle-links and tip-links in the HC stereocilia (8). Specially, in the tip-links, 

they anchor the transmembrane region of protocadherin-15 and cadherin-23 to the actin 

fibers in the anterior and posterior stereocilia, respectively. Tip-link undergoes the tensile 

forces during the opening of MET channels in the mechanotransduction of both auditory 

and vestibular stimuli (7,8). On the other hand, TECTA is an essential component of the 

tectorial membrane, which interconnects the collagen fibers and anchors the TM to the 

surface of the stereocilia (151). 

These genes were enriched in the terms "hearing impairment" and "non syndromic 

hearing loss" in the co-annotation produced between the DisGeNET and OMIM 

databases. MYO7A is associated with the genetic cause of some pathologies including 

Usher syndrome type IB (214), DFNA11 (215) and DFNB2 (216,217); WHRN with 

DFNB31 (218) and Usher syndrome type IID (219); and TECTA with DFNB21 (220). 

Usher syndrome is characterized by the association of hearing loss and retinitis 

pigmentosa (Ebermann 2007) and “DFNX'' make reference to different types of non-

syndromic SNHL autosomal dominant (DFNA) or recessive (DFNB). In addition, 

enrichment of rare variants in MYO7A and TECTA have been related with the 

pathophysiology of MD (103,144). The presence of variants in these genes could have an 

additive effect to the phenotype produced by our main candidates, contributing in this case 

to an erroneous perception or transmission of sound and balance stimuli that trigger the 

symptoms associated with MD. 

 

6.4.2 - Candidate genes in the MD and ES hypoplastic cohort associated 
with bone remodeling 

Normal bone morphogenesis during development and adult life resides in the 

process of bone turnover or remodeling, a highly coordinated process between bone 

resorption by osteoclasts and synthesis of new bone matrix by osteoblasts. Thus, old bone 

is replaced with new one, meanwhile osseous integrity, shape and size is maintained, 

except volume increases referring to growth (221). The turnover ratio differs between the 
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different osseous structures in the organism. The lower ratio is observed in the otic 

capsule, which explains why it is the hardest, and subsequently why its fractures are the 

most difficult to heal (222,223). In the dog, this rate has been estimated at 2.1% per year, 

compared with 7.4% in the humerus, or 13.9% for other cranial bones, and similar ratios 

have been replicated in other species. In addition, within the otic capsule itself, bone 

turnover is lower the closer the soft tissues are, where the remodeling ratio is estimated 

to be 0.13% or practically inhibited. These findings have led to the suspicion that 

membranous labyrinth itself controls this remodeling (222). 

In the otic capsule, bone remodeling from cartilage to mature bone occurs by 

endochondral ossification. During this process, several zones can be morphologically 

differentiated  (Figure 5.19, I): i) germinal stage o resting zone, with bone stem cells and 

nutrients; ii) proliferative zone, where chondrocytes proliferate, rapidly increasing in 

number, organizing themselves as a columnar mosaic; iii) hypertrophic zone, where the 

chondrocytes increase in size due to the entry of water, and synthesize and secrete high 

quantity of proteins that will form the bone ECM; and iii) ossification zone, where 

hypertrophic chondrocytes ossify to form mature bone (197). The edge with the ossified 

chondrocytes is called ossification front. 

This process is orchestrated by numerous systemic and local factors, extra and 

intracellular receptors, osseous ECM components and transcription factors. Between 

them, it have been highlighted the role of: i) systemic factor such as growth hormone; ii) 

locally secreted soluble extracellular factors like insulin growth factor, Indian Hedgehog, 

parathyroid hormone-related peptide, bone morphogenetic (BMP) and transforming 

growth factor β (TGF-β) proteins, Wnt secreted family proteins and fibroblast growth 

factors; iii) components of the cartilage extracellular matrix; and iv) transcription factors 

such as Runx2, Sox9 and MEF2C (224). However, we will only delve into this discussion 

in those that have been found to be enriched in rare SNV/InDels or structural variants in 

our patients with MD and ES hypoplasia. 

 

6.4.2.1 - Metallopeptidases of bone extracellular matrix 

Among the components of the extracellular matrix, proteolytic enzymes have been 

widely studied trying to elucidate which ones are responsible for the degradation of the 

cartilage matrix components and therefore advancement of the ossification front. 

Metalloproteinases (MMP) and ADAMTS proteins are expected constituents, whose 

substrates include type II collagen and aggrecan, main components of bone ECM (224).  
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Our candidate protein Adamts18 is expressed in the osseous matrix in mice IHC 

sections. First, mild signal is observed in the boundaries of the membranous and osseous 

labyrinth in the cochlear and vestibular ducts, but does not invade chondrocytes (Figure 

5.16 and 5.17). Supporting this, Adamts18 is only slightly observed in the otic capsule 

surrounding cochlear sensory epithelia in the “O.C.” line in the western blot analysis. At 

this stage, these chondrocytes surrounding the membranous labyrinth are in a 

hypertrophic state, with enlarged cytoplasm full of newly synthesized proteins that are to 

be secreted into the ECM. Second and more prominent Adamts18 labeling is observed in 

marginal areas of the otic capsule (Figure 5.19). The expression is revealed in the ECM, 

in an intermediate state between chondrocyte hypertrophy and ossification. In this stage, 

the chondrocytes die, tabication between cells is lost, and cytoplasm content is released 

together with ECM components, where Adamts18 could then be involved in its 

degradation. In this environment, the matrix is invaded by blood vessels, osteoclasts, and 

osteoblasts. Osteoclasts degrade cartilage debris and osteoblasts mineralize the matrix 

by deposition of hydroxyapatite (224). New IHC and western blot assays are necessary in 

these marginal areas of the temporal bone, where chondrocyte ossification begins, to 

analyze the possible role of Adamts18 in this stage. 

The alteration of the Adamts18 protein function due to the genetic variants found in 

our cohort of patients with MD and ES hypoplasia could retain the ossification process, 

retaining chondrocytes in a late state of ossification. The most shared variant 

g.77434661G>C,P12R located in the signal peptide could affect the secretion of the 

protein from chondrocytes to the ECM, sequestering it intracellularly. A validation study in 

chondrocyte cell culture or in vivo model is needed to confirm these changes. 

Some cellular and animal models have already been developed trying to elucidate 

the role of some metalloproteinases in the osseous matrix, with no clear results. MMP13 

or MMP9 null mice and chondrocytes showed a decrement in the cell tabulation loss in 

late hypertrophic chondrocytes, and subsequent delay in the ossification front (225,226). 

On the other hand, mice with impaired Adamts-1, Adamts-4 and Adamts-5 grew normally, 

with no alteration in cartilage and osseous development. In those cases, authors assumed 

that other proteinases from these families could be supplying the function when any of 

them is impaired (224,227,228). 

Also, in relation to bone metabolism, ADAMTS18 has been associated with mineral 

density quantitative trait locus (QTL) in GWAS studies. Low bone mineral density in the 

femoral neck was related with various SNVs in ADAMTS18 (rs16945612, rs11859065, 
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rs11864477, rs11860781) and TGFBR3 (rs17131547) in a Caucasian cohort of 1000 

individuals and replicated in others 4 cohorts. In fact, TGFβ secreted polypeptides family 

have been related with local bone remodeling, and will be discussed in section 6.4.2.3. In 

addition, in one of these cohorts with 2995 Chinese individuals, ADAMTS18 SNVs was 

also related to hip fracture QTL (229). Also, Koller et al., described the association of the 

SNV rs1826601 in ADAMTS18 with low mineral density of the femoral neck and lumbar 

spine in 1524 premenopausal European-American women, and the results were 

replicated in another cohort of 762 African-American women (230).  

 

6.4.2.2 - Other candidate genes in the MD and ES hypoplastic cohort 
associated with extracellular matrix 

Results from functional analysis reveal an enrichment of entities in some pathways 

including “collagen-containing extracellular matrix”, “extracellular matrix” and 

“extracellular matrix organization” according to GO - Cellular Compartments and 

Reactome. The encoded proteins from these pathways included some constituents of 

ECM such as collagens (COL6A6 and COL20A1) (231), matrilin-4 (MTN4) (232) as mayor 

protein of cartilage matrix, and alpha-tectorin (TECTA) as the main non-collagenous 

components of the TM in the organ of Corti (151). WGS and GWAS analysis related 

COL6A6 with osteoarthritis and ossification of thoracic spine (233,234), and matrilin-4 

expression with dental pulps in wound-healing processes (235). Also, interactors between 

cells and ECM components are included, such as Nidogen 1 (NID1) and Integrin Subunit 

Alpha 1 (ITGA1). Nidogen 1 mediate in cell interaction with basement membranes and 

components of ECM, especially laminin, collagen iv and perlecan (236). Interestingly, 

Nidogen-1 enriched vesicles have been used to improve angiogenesis and bone 

regeneration targeting focal adhesion (237). In addition, WES analysis has pointed out 

NID1 as candidate gene for autosomal dominant Dandy-Walker malformation and 

occipital cephaloceles, characterized by cerebellar hypoplasia, meningeal anomalies and 

skull defects (238). On the other hand, ITGA1 form a cell-surface receptor for collagen 

and laminin (239). Several integrins including ITGA1 have been shown to be expressed 

by osteoblast and osteoblast in the bone cartilage ECM, having a role in the control of 

cartilage differentiation during ossification process (240,241). Enzymatic activities were 

also represented with our candidate ADAMTS18 and the Proteoglycan Like Sulfated 

Glycoprotein or papilin (PAPLN). Papilin is another ADAMTS-like proteins involved in 

procollagen maturation, extracellular matrix proteolysis in morphogenesis and 

angiogenesis (242). On the other hand, Inter-Alpha-Trypsin Inhibitor Heavy Chain 4 (ITH4) 
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act as inhibitor of serine-type endopeptidase enzymes in the ECM (243). Finally, LTBP2 

and LTBP3 regulate TGF- β activation in the extracellular space, and require binding to to 

ECM components such as fibronectin or fibrillin for activation (244). Its implication will be 

discussed in the next section.  

Although the enrichment in variants in these genes is not as significant and highly 

shared between individuals as our main candidate protein ADAMTS18, they do have a 

common biological function. If some of these proteins also have a role in the ECM of otic 

capsule or inner ear, the alterations produced by the enrichment in variants in these genes 

would have an additive effect to the phenotype produced by ADAMTS18, contributing to 

malformations such as the abrupt termination of ES observed in our ES hypoplastic 

patients. 

 

6.4.2.3 - Other candidate genes in the ES hypoplastic cohort related with 
bone development and remodeling 

Among the genes with SVs shared in the higher number of our MD and ES 

hypoplasia patients, the Protein Activator Of Interferon Induced Protein Kinase (PRKRA) 

and Transforming Growth Factor Beta 2 (TGFB2) genes have been associated with 

phenotypes that included ear or craniofacial developmental abnormalities. 

The first of them, PRKRA, showed a deletion of around 3000bp in 3 different 

individuals, classified as “pathogenic”. This gene codes for a kinase that is activated by 

dsRNA, related to the regulation of gene silencing and apoptosis. In the mice blastocyst, 

Prkra is expressed in the developing ear at E12, and in the anterior skull base and 

mandible at E16. Various studies disrupting Prkra in mice, resulting in absent protein 

levels, showed defects in ear, craniofacial development and growth (245–247). Those 

alterations included wide cranial sutures, hypoplastic interparietal bone, prominent 

bossing of the forehead, shortened nose, hypoplastic nasal turbinates, hypoplastic 

mandibular condyle and microtia. The ears had hypoplastic pinnae and external auditory 

canals, malformed middle ear ossicles and reduced middle ear space and tympanic 

membrane, resulting in hearing impairment (247). However, alterations of the temporal 

bone or the otic capsule is not specifically described, and the malformation of the external 

and middle ear could indicate that the hearing loss found in the mutant mouse has a 

conductive basis. For this reason, this phenotype differs somewhat from that observed in 

our patients with MD and ES hypoplasia. 
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On the other hand, TGFB2 is a transcription factor known to regulate multiple 

developmental processes from blastocyst to adulthood, playing an essential role in tissue 

development in heart, eyes, ear, organs of urogenital tract, skeleton, and craniofacial 

tissues (248). It encodes for TGFβ2, one of the three members of Transforming growth 

factor (TGFβ) secreted polypeptides family, comprising TGFβ1, TGFβ2 and TGFβ3. TGFβ 

proteins are involved in local regulation of bone development and turnover, synthesized 

by osteoblast and osteoclast, and secreted to the mineralized bone matrix. Several in vivo 

and in vitro studies have proven the great effects of TGFβ protein in the stimulation of 

osteoblastic activity, induction of ECM components secretion, modulation of 

osteoprogenitor cell proliferation, differentiation of osteoclast and bone formation (221). 

Several investigations have assessed the effects of TGFB2 in the inner ear and 

craniofacial bones. On the one hand, the Tgfb2-null mice developed by Sandford et al., 

showed defective epithelial-mesenchymal maturation in the spiral limbus, incomplete 

canalization of scala vestibuli, and spatial separation of sensory epithelia and basilar 

membrane. Its craniofacial abnormalities consisted of smaller bone sizes and subsequent 

wider fontanels because of reduced ossification (248). On the other hand, the selective 

overexpression of Tgfb2 in bone in transgenic mice produces a phenotype similar to 

human osteoporosis, with low bone mineralization leading to bone loss. The highest 

immunoreactivity was observed in osteoblast (221). Altered audition have been also 

described by Chang et al., where deregulated transcription factors Tgfb2 and Runx2 gave 

rise to excessively hardened otic capsule bone triggering hearing loss, although display 

normal cochlear sensory epithelia (249).  

The CNV in TGFB2 in our MD and ES hypoplastic cohort consists of an increase in 

the number of copies in 4 patients. This could result in a rise in product levels similar to 

the mutant described by Erlenbacher and Derynck, where they described a low bone 

mineralization and gradual bone loss in the clavicle, along with an increase in osteoblastic 

matrix deposition and osteoclastic matrix resorption (221).  

Interestingly, two of the genes enriched in rare variants resulting from GBA, LTBP2 

and LTBP3, regulate the activity of TGFβ members. These two molecules are part of the 

LTBP, or latent transforming growth factor (TGF)-β binding protein family, located in the 

ECM. Their non-covalent binding to some members of the TGFβ family creates a complex 

that maintains TGFβ proteins in an inactive latency state in the extracellular matrix. 

(244,250). In animal models and humans, similar phenotypes have been observed with 

bone abnormalities in the spine, teeth, maxillofacial bones, and skull. Craniofacial 
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malformations generate a shortening in the length of the face, which subsequently 

produces a bulging of the cranial vault. This is produced by premature ossification 

because of the decrease in TGFB (251–253). In our MD and ES hypoplastic cohort, 

LTBP2 displayed 5 variants in 5 individuals and LTBP3 4 variants in 7 individuals. 

The variants in TGFB2 and LTBP genes could also alter bone maturation in the 

whole otic capsule or bony canal conforming VA, having an additive effect to ADAMTS18. 

TGFβ2 is synthesized by osteoblasts and osteoclasts and secreted into ECM, and these 

two cell types invade the remodeling bone at the same chondrocyte stage in which 

ADAMTS18 has been observed in our IHC, presumably degrading the matrix. In fact, two 

of the four patients with the CNV in TGFβ2 also have the more shared candidate variant 

g.7743466G>C in ADAMTS18, corresponding to patients B and F in Table 5.3 and Figure 

5.9, and patient F also display one of the LTBP3 variants. 

 

6.4.3 - Candidate genes in the MD and ES hypoplastic cohort associated 
with neurogenesis and neuronal circuits 

6.4.3.1 - Candidate gene SDK1 

Sdks family are single-pass transmembrane proteins that participate in the formation 

and maintenance of trans-synaptic interactions in different neuronal circuits. In 

vertebrates, the two types of Sdks, Sdk1 and Sdk2, have been widely described in the 

retina (254). There, several layers can be distinguished, where the retinal ganglion cells 

that transmit visual stimuli synapse with interneurons that carry the information to higher 

centers. The connections of the same layer transmit information of the same type of 

stimulus, differentiating for example movement of a specific orientation, edges or color 

contrasts (255). In mouse, Sdk1 and Sdk2 are expressed in different neuronal subsets in 

different synaptic layers of the retina, and rarely together in the same cell (256). So, it has 

been hypothesized that Sdk1 and Sdk2 would be involved in the transmission of different 

visual characteristics (254). 

In our cohort of patients with MD and ES hypoplasia, we have found an enrichment 

of 12 rare SNPs in 14 individuals in SDK1 gene (Figure 5.21). Six of these variants, which 

include those variants shared among more individuals, are found in Ig-like domains. 

Crystallographic and structured-guided mutagenesis analysis performed by Goodman et 

al., verified that specifically the Ig1-4 domains, adopting a horseshoe conformation, 

mediate the binding of different Sdk proteins together to form homophilic dimers, but also 
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interact with neighboring cells to mediate in cell-cell adhesion (257). Sdk dimers tend to 

be homophilic (ie, SDK1 with SDK1, or SDK2 with SDK2), although heterophilic join 

SDK1-SDK2 can occur with weak strength. However, in a situation of high competition the 

homophilic union will always occur preferentially (257). Our most represented variant 

g.3951870C>T,P367L is present in 4 individuals and located in Ig-like 3 and produces a 

change of proline to lysine. Proline is a voluminous hydrophobic amino acid usually 

located in the protein to create turns in the polypeptide conformation. Its modification to a 

polar charged lysine could disturb the three-dimensional tertiary structure. A not very 

destabilizing alteration is expected in the other two variants found in Ig-like 3 domain, 

g.3951025C>T,A317V and g.3951861C>T,A364V modifying alanine to valine change, 

both residues with similar characteristics. Other variants in Ig1-4 domains include 

g.3619104C>T,T108M in Ig-like 1 and g.3962743G>A,G441R in Ig-like 4, each only in 

one individual. Lastly, variant g.3974407C>T,S619L in two patients, found in the Ig-like 6 

domain could also modify tertiary conformation introducing a positive residue. 

The remaining six variants are found in the FNIII domains, but they are present in 

singletons. The function of the FNIII domains is less understood, but it has been 

suggested they fortify the adhesion by interacting with the neighboring cell membrane 

(254). Of note g.4220247A>G,N1893S in the FNIII 3 remove an asparagine that is 

glycosylated post-traductionally, which could further alter the cell fate of the protein. 

None of the variants was found in the short intracellular region, comprising the 

Postsynaptic density/Disc large/ZO-1 (PDZ) binding domain. The last 6 C-terminal amino 

acids of this PDZ motif are highly conserved across species. In vertebrates, Sdk1 and 

Sdk2 differentiate by this sequence, being -TGFSSFV in Sdk1 and -AGFSSFV in Sdk2. 

The differences in this hexapeptide define the intracellular interactors and the synaptic 

localization of Sdks proteins (254). Sdk1 PDZ domain is associated with scaffolding 

molecules of the Membrane-Associated Guanylate kinase with Inverted orientation 

(MAGI) and Polychaetoid protein (the Drosophila homologue of Zonula Occludens-1, ZO-

1), both belonging to the MAGUK family (PDZ/membrane-associated guanylate kinase 

molecules) (254,258,259). MAGI directly interacts with other transmembrane proteins 

important in cell-cell adhesion, such as neuroligins and cadherins at the synapse (258). 

On the other hand, Polychaetoid was discovered in Drosophila sdk mutant showing eye 

abnormalities, where it worked as Sdk adapter to cytoskeleton, maintaining cell-cell 

tension during remodeling epithelia (254,259). Interestingly, one of these scaffolding 

proteins MAGI takes part of the tip-links in the membrane of the HC stereocilia (260). It 

interacts with the intracellular PDZ C-terminal domain of cadherin-23 through its PDZ4 
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domain in the posterior stereocilia, anchoring it to the actin backbone along with 

Harmonin-b. MAGI-1 labeling is detected from the developing to adult stereocilia, 

colocalizing with cadherin-23 (260). Although SDK1 has not been described as forming 

part of stereocilia, it acts in a similar way to cadherin-23 in tip-links, a transmembrane 

protein that bind to scaffolding proteins of the MAGUK family through PDZ domain, such 

as MAGI-1. Therefore, it is necessary to study the expression patterns of SDK1 in the 

sensory organs of the inner ear to confirm if it could develop a physiological role. 

Sdks have been related to some neurodevelopmental and neurological disorders in 

mice, including addiction or depression (254). Thus, increased expression of Sdk1 has 

been observed in some brain areas including the nucleus accumbens after cocaine use 

(261). On the other hand, its expression is differential in the brain between control mice 

and those with chronic social fatigue, and its overexpression in the hippocampus 

increases susceptibilities to stress (262,263). 

In humans, GWAS analyses have linked the SDK1 gene to autism spectrum 

disorders (264–268) and attention deficit-hyperactivity (269,270). An interesting study 

carried out by Hromatka et al. associated polymorphism in various genes, including SDK1, 

with motion sickness (271). Its main symptoms include dizziness, nausea, vomiting, 

headache and sweating, and may also be accompanied by migraines, vertigo or morning 

sickness. Although the exact cause of this condition is still unknown, some theories 

suggest that it appear when the brain receives conflicting information from eye (static 

signals from surrounding objects) and ear (noticed acceleration in the vestibular system) 

during movement, especially during transportation (271). The genetic association included 

genes related to the development of the eye and inner ear, balance, cranial development, 

nervous system, glucose homeostasis, or hypoxia. Those related to the ear consist of 

TSHZ1, associated with ear deformities in mice in the external auditory canal and the skull 

(272); or MUTED, whose alteration produces hypopigmentation that induce postural 

defect and balance abnormalities in mice due to otolith deficiency in the vestibular system 

(273). Lastly, nine genes were associated with synapse formation and neurological 

pathways, including SDK1. The relationship of SDK1 with this condition is interesting 

because it shows symptomatological similarities with MD, including altered transference 

of vestibular information. According to that, Astigarraga et al. evidenced that Drosophila 

Sdk protein accumulate specifically in synaptic layers responsible for motion detection, 

and Sdk mutant exhibit optomotor defects as a consequence of disorganization of 

connections between photoreceptors and lamina neurons(274). 
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One of the few studies that directly relates SDK1 to hearing function was carried out 

by Pretipré et al. (275)They performed single-cell RNA-seq in mouse inner ear neurons at 

different stages of development. They describe distinct transcriptional patterns that define 

the course of SGN diversification, discovering that the establishment of final SGN 

subpopulations occurs during HC innervation in cochlear sensory epithelia. Sdk1 was 

expressed in SGN during the process, in higher levels in non-specialized SGN in early 

stages. Other cell-cell adhesion molecules were also found to be involved in the 

maturation and differentiation of SGN (275).  

As in the retina, afferents that innervate other sensory epithelia synapse with 

interneurons from different neuronal divisions. In the ear, afferents that interact with HC 

synaptic boutons in the cochlea and vestibular organs synapse with the SGN and VGN in 

superior ganglion, respectively (22). Although there is no well-supported evidence, and 

only the study carried out by Petitpré et al. demonstrates the expression of Sdk1 in the 

SGN in the mouse cochlea during development and differentiation, the Sdk family proteins 

could carry out a similar function in the ear (275). In this way, they would facilitate the 

interaction and adhesion between the cell membranes of the SGN and VGN in the 

synapse with interneurons from the vestibular and cochlear divisions of cranial nerve VIII. 

The correct transmission of this information is necessary for a correct perception of the 

audio-vestibular stimuli, altered in our patients with MD and ES hypoplasia. 

 

  



 

146 
 

6.5 - ES hypoplasia MD endophenotype is produced by 
alterations in the development of audio-vestibular organs, otic 
capsule and neural circuits inside inner ear 

The study of MD is intricate due to several factors. There is a wide range of symptom 

presentations, varying in severity and often not showing a complete set of clinical signs. 

The age at which symptoms begin can be unpredictable and usually occurs later in life. 

Additionally, other conditions with similar symptoms can overlap with MD, further 

complicating the diagnosis (82,85). Regarding the etiology, different factors are taken into 

account, including an immune component, a genetic origin, and endolymphatic flow 

disorders, including EH (26,95,103). In fact, EHs have been the most consistent findings 

in the sensory organs of MD patients, especially in the cochlea and saccule (26). EH were 

attributed as the origin of the symptoms, since the accumulation of endolymph would 

increase the pressure within the membranous labyrinth, causing altered excitation of the 

sensory epithelia (26,117) . However, it was later hypothesized that EH could be rather 

the consequence of an inadequate endolymph drainage (117). This new consideration 

took into account other abnormalities found in the non-sensory organs of the inner ear, 

the ED and the ES, such as narrowing in their diameter and generalized fibrosis of their 

epithelia, collapsed ES lumen and loss of tubules in the pars canalicularis 

(32,119,120,200–202). Especially, this segment contains MRC responsible for 

maintaining the endolymph ionic composition, and RRC in charge of protein synthesis and 

secretion that regulate osmotic pressure (35,39–41). The eES also rests on the SS, acting 

as a vascular regulator of both ear and intracranial pressure (115). Supporting this 

function, molecules of the vasopressin and aldosterone pathways, as well as other 

natriuretic peptides have been found expressed by the ES epithelium (32,42,45,47,50). In 

addition to soft tissues, other defects have been found in TB of MD patients, like shortened 

or thinner VA, or narrowed VA exit to the PCF (113,114,200). In summary, the 

accumulation of endolymph creating EH would be rather the consequence of an altered 

flow of endolymph from the cochlea and the vestibule towards the ES and SS, produced 

by the anomalies observed in ED, ES and VA. 

In line with the above, Andreas Eckhard and David Bächinger defined two 

endotypes within MD disease based on histopathological malformation of ES (32,156). 

Specifically, in the ES hypoplastic endotype, the ES abruptly disappears at the level of the 

operculum, with a total absence of the extraosseous region (32,155). These ES 

hypoplastic patients have a family history of SNHL, vertigo or MD and a tendency to 
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present early onset, male predominance, TB abnormalities and higher bilateral prevalence 

than general MD patients (156). In accordance with these facts, the authors suggest ES 

hypoplasia has a genetic basis that is generated during development. Thus, the aim of 

this work was to find the genetic basis of ES hypoplasia in MD patients. Given that MD is 

a complex disease that has a multifactorial genetic basis resulting from causal variants 

and environmental factors, our genetic approach was focused on finding an enrichment 

of variants in multiple causative genes with moderate and additive effects on phenotype. 

For this purpose, we followed a gene burden analysis (GBA) with rare SNV and InDels, 

structural variant discovery and candidate genes functional analysis on a cohort of 42 

patients with MD and ES hypoplasia.  

Given that Eckhard and Bächinger investigations estimate that 1 in 4 MD have ES 

hypoplasia, and in the European population MD is found in approximately 1 in 2000 

individuals, the inferred prevalence of ES hypoplasia would be 1-2 in 10,000 individuals, 

or practically absent in the general population. In the process of variant filtering in our ES 

hypoplastic cohort, and since the allele frequency is obtained from databases of reference 

populations, we should also assume that ES hypoplasia in the normal population is non-

existent. However, these authors consulted less than 100 CT controls, which is not 

enough to confirm its absence (155). For this reason, a complementary study was carried 

out as Chapter 1 of this thesis. More than 300 ears of otologic patients without MD were 

contrasted and ES hypoplasia was not found, placing its prevalence below 0.57% in the 

general population. 

The genetic analysis performed in our cohort of patients with MD and ES hypoplasia, 

considering the enrichment in rare SNPs and InDels and the presence of structural 

variants, together with the functional analysis, have pointed out certain candidate genes 

and different biological processes or diseases. Expression validation tests using IHC and 

WB have supported some of these possible pathways that could be altered as a 

consequence of the variants, explaining the associated phenotype in the patients. These 

include a possible alteration in the development and function of the cochlear and 

vestibular sensory epithelia, an impairment in the transmission of sensory information 

received from the sensory epithelia to higher central nervous system centers, and 

abnormalities in the development and remodeling of the bone extracellular matrix, with 

the consequent malformations in the otic capsule. 

First, certain candidate genes have been associated with the development of the 

sensory organs of the inner ear. This includes some genes previously known to take part 
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in HC stereocilia backbone or tip-links, such as MYO7A and WHRL, or in the tectorial 

membrane such as TECTA (7,8,151). Its involvement in phenotypes associated with 

audio-vestibular pathologies have been confirmed by many studies, and are related with 

different types of SNHL (215–218,220), Usher syndrome (214,219) or MD (103,144). On 

the other hand, we have probed that our new candidate ADAMTS18, is widely expressed 

in several P3 mouse sensory tissues, including organ of Corti in the cochlea, the macula 

of the utricle, and the crista vascularis of the semicircular canals. This metallopeptidase 

takes part of ECM in numerous tissues, where it participates in morphogenesis, repair and 

remodeling, especially during development (204). Abundant studies on animal models 

and cell cultures, in which the expression of ECM components have been altered, such 

as extracellular receptors and proteases, result in various abnormalities of the sensory 

epithelia in the inner ear (206–208,210,211). For this reason, we have hypothesized that 

ADAMTS18 could be carrying out similar functions, remodeling the assembly between 

cells and extracellular membranes, maintaining the integrity between tissues, and allowing 

the formation of new structures, such as blood vessels. However, more functional studies 

will be necessary to discern its function in the physiopathology of the disease.  

Second, the candidate gene SDK1 is related to cell-cell adhesion at neuronal 

synapses (254). Although only one study has shown the expression of Sdk1 in mice in 

SGN during development, a function similar to its role in the retina might be expected 

(275). So, this protein would be part of the connections between synapse of interneurons 

from the spiral and vestibular ganglion and afferents that innervate HC in the sensory 

epithelia (254,275). In summary, abnormalities due to the accumulation of variants in all 

these genes could modify both the perception and the transmission of audio-vestibular 

stimuli, generating the symptoms associated with MD. 

Third, bone remodeling, specifically in the otic capsule, could be affected. 

ADAMTS18 expression is observed at the border of the membranous and osseous 

labyrinths surrounding the vestibular organs and the cochlea, but also in marginal zones 

invading the bone ECM in a stage between late chondrocyte hypertrophy and ossification. 

GWAS studies have related the presence of polymorphisms in ADAMTS18 with QTL as 

bone mineral density (229,230). Functional analysis revealed several variant enriched 

genes in “extracellular matrix” along with ADAMTS18, including the other 

metalloproteinase PAPLN, components such as collagens and MTN4, matrix cell 

interactors, and some transcription factors. Among the latter, we highlight the regulatory 

ligands of the TGF-β family (LTBP). Surprisingly, one CNV included an increase in TGFB2 

copies. Both LTBP ligand and TGFB2 factors have been widely studied for modulating the 
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function of osteoblasts during bone formation, and their annulment in animal models 

produce bone loss and abnormalities in the otic capsule and sensory tissues 

(221,248,249). The impairment produced by this set of genes could be broadly associated 

with the abnormal development of the otic capsule, generating abnormalities in the 

temporal bones of MD, in the AV, and subsequently in the ED and ES, like the eES 

truncation observed in our ES hypoplastic patients. 

The characterization of different endotypes within a complex and symptomatological 

very heterogeneous disease, such as MD, can help to stratify the different types of 

patients. Therefore, the identification of markers, whether histopathological or molecular, 

are promising to improve diagnosis and clinical decision-making, and predict the evolution 

and prognosis of the disease. Here, we have identified several genes and biological 

processes that might be altered by the accumulation of rare variants in our MD and ES 

hypoplasia endophenotype, that illustrate the possible pathophysiology of MD. 
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Conclusions 

The development of this doctoral dissertation has allowed us to draw the following 

conclusions: 

1. ES hypoplasia is a very rare finding, which has not been found in our cohort of 

patients without MD, estimating its prevalence below 0.57% in the general 

population, lower than sporadic MD prevalence. 

2. ES hypoplasia is closely associated with the development of MD. The diagnosis 

of MD coincides in all cases with the ear affected by ES hypoplasia, whether they 

are bilateral or unilateral cases. Follow-up over time will be necessary to determine 

what percentage of patients with unilateral MD and bilateral ES hypoplasia end up 

developing disease in the contralateral ear. 

3. The burden analysis of rare variants together with the discovery of structural 

variants is a competent approach to find candidate genes in complex 

endophenotypes, such as ES hypoplasia in MD. Among the pointed genes, better 

candidates with the highest number of rare variants and whose variants are shared 

in the greatest number of were ADAMTS18 and SDK1. 

Functional analysis of these genes has highlighted various biological processes that could 

be affected. These include: i) a possible alteration in the development and function of the 

sensory epithelia of the cochlea and vestibular system; ii) an impairment in the 

transmission of audio-vestibular information to higher information centers; and iii) 

abnormalities in the remodeling of the extracellular matrix bone, with consequent 

malformations in the otic capsule. Together, they could explain the features of the ES 

hypoplastic endophenotype in our MD patients. 
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Conclusiones 

El desarrollo de esta disertación doctoral ha permitido esbozar las siguientes 

conclusiones: 

1. La hipoplasia del SE es un hallazgo muy raro, el cual no ha sido encontrado en 

nuestra cohorte de pacientes sin EM, estimando su prevalencia por debajo del 0.57% 

en la población general, inferior a la de la enfermedad de Meniere esporádica.  

2. La hipoplasia del SE está íntimamente asociada con el desarrollo de EM. El 

diagnóstico de EM coincide en todos los casos con el oído afectado por la SE 

hipoplasia, ya sean casos bilaterales o unilaterales. Un seguimiento en el tiempo será 

necesario para determinar qué porcentaje de pacientes con EM unilateral e 

hipoplasia SE bilateral terminan desarrollando afección en el oído contralateral. 

3. El análisis agregado de variantes raras junto con el descubrimiento de variantes 

estructurales es una buena aproximación para encontrar genes candidatos en 

endofenotipos complejos, como lo es la hipoplasia del SE en la EM. Entre los genes 

destacados, los mejores candidatos con mayor número de variantes raras y cuyas 

variantes se comparten en la máxima cantidad de individuos fueron ADAMTS18 y 

SDK1. 

4. El análisis funcional de estos genes ha señalado diversos procesos biológicos que 

podrían verse afectados. Estos incluyen: i) una posible alteración en el desarrollo y 

la función de los epitelios sensoriales de la cochlea y el sistema vestibular; ii) un 

deterioro en la transmisión de la información audio-vestibular a los centros superiores 

de información; y iii) anomalías en la remodelación de la matriz extracelular ósea, 

con las consiguientes malformaciones en la cápsula ótica. Juntos, podrían explicar 

los rasgos del endofenotipo hipoplásico del SE en la EM. 
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8. – Limitations and future 
directions 
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Our cohort of sporadic patients with MD and ES hypoplasia has only 42 patients. 

Our candidate genes are selected based on the variant burden, taking those with greater 

accumulation in affected individuals than in controls. However, the large difference in 

individuals between our cohort and reference databases may overrepresent the effect of 

rare variants through the calculation of parameters such as Odd ratios. Recruitment of 

patients with this endophenotype should continue, and new genetic analysis should be 

performed. 

In this same direction, the consistency of the genotype-phenotype associations gain 

strength if they are replicated in other cohorts. To our knowledge, this is the first genetic 

study of MD and ES hypoplasia patients, but new studies will be carried out. It will be 

interesting to see different cohorts confirming the implications of these genes. 

Our study is based on exome analysis. Thus, we may be missing important 

information in non-coding regions of the genome that may also contribute to the 

phenotype. A future analysis should include genome sequencing of these patients, to 

analyse all types of variants that may be altering regulatory functions. 

The methodology for the analysis of SV is not as developed as for SNV and short 

InDels. Thus, a very low level of replication has been found between the LSV obtained 

between the two contrasted tools, and other tools should have been used for CNV calling. 

In addition, we missed a good database of SV allele frequencies during the process. We 

should also have validated the candidate SVs using wet lab techniques, in addition to their 

visualization in IGV. Nevertheless, the study of structural variants would be better 

approached by whole genome sequencing, since the calling of longer variants would be 

limited by the capture regions of the exome. 

The recruitment of samples and clinical information in relatives and controls of our 

familial patients has not been sufficient to carry out segregation analysis with the ES 

hypoplasia. Further recruitment and better characterization of these families should be 

performed. 

Our expression validations, both IHC and WB, are carried out on wild type mice, 

where we have been able to demonstrate the expression pattern in the inner ear and otic 

capsule under normal conditions. As a more valid approach, it should have been used: i) 

mice altered for the expression of these candidate genes or, ii) mice developed with the 

same variants as those found in this thesis. Of course, the work with orthologs in other 
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animal models, and in human temporal bone, both in controls and in patients with MD 

would be very helpful. 

Finally, since our work is based on the hypothesis of a genetic origin of ES 

hypoplasia during development, these new experiments should be tested at various 

stages of development. In this study, unfortunately, only mice on postnatal day 3 have 

been used. 
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Supplementary Figure 1 – Top 20 of the most enriched routes and pathways (although not significantly enriched) in the rest of databases 
contrasted in the functional analysis. A) GO including go_bp: biological processes; go_cc: cellular compartment; and go_mf: molecular function; 
B) KEGG; C) Reactome; D) Panther; E) Phenotype databases including MGI and HPO. 
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* Shortened label: Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs) 
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Supplementary Table 1 – List of primers used to validate candidate variants in 
ADAMTS18, SDK1 and CENPP genes. 
 

Variant validation 
Amplico

n size 
Primer sequence 

ADAMTS18, 16-77367582G>A 269bp 
FW: 3’- TGTACACCCAACAGCACTCA - 5’ 
RV: 3’- GGTCACCATCCTCACGTACT - 5’ 

ADAMTS18, 16-77434661G>C 193bp 
FW: 5´- AGAGAAAAGGTGACATCGCG - 3´ 

RV: 5´- ACCTGACCATGGAGTGCG- 3´ 

SDK1, 7-3951861C>T 
SDK1, 7-3951870C>T 

257bp 
FW: 5´- TGCCTGAGATGATGACCGTT-3´ 
RV: 5´- ATGAAAAGAAAGGCCGTCGC-3´ 

SDK1, 7-3951025C>T 236bp 
FW: 5´- GGGTGCTCCTGTACTTAGAGT -3´ 
RV: 5´- ATCCTTCTATCGTCGGCTCG -3´ 

CENPP, 9-92613131T>A 597bp 
FW: 5´- AGTTTCTTACCCGGTTTAATGTTTT -3´ 

RV: 5´- CATAGGCATCCGTCTCCAGAG -3´ 
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Supplementary Table 2 – Complete list of the 94 genes enriched in rare variants as a 
result of GBA analysis. 

      gnomAD nfe gnomAD global 

Gene 
N 

var 
N 

ind 
N 

het 
N 

hom 
% ind OR SE lowCI highCI 

FDR 
pValue 

OR SE  lowCI highCI 
FDR 

pValue 

MYO9B 13 18 18 0 42.86 2.62 0.21 1.73 3.96 4.7E-02 3.50 0.21 2.31 5.29 2.9E-05 

ADAMTS18 7 15 15 0 35.71 4.28 0.25 2.60 7.05 9.7E-05 4.03 0.25 2.45 6.62 3.8E-04 

MDC1 17 15 15 0 35.71 3.78 0.14 2.87 4.98 0.0E+00 2.33 0.14 1.77 3.06 1.6E-05 

SDK1 12 14 14 0 33.33 3.69 0.23 2.34 5.81 1.8E-04 3.89 0.23 2.47 6.12 4.5E-05 

PAPLN 11 13 13 0 30.95 3.71 0.26 2.22 6.19 4.7E-03 3.64 0.26 2.19 6.07 6.6E-03 

MELTF 13 13 13 0 30.95 3.62 0.24 2.27 5.77 6.3E-04 4.04 0.24 2.54 6.45 4.1E-05 

COL6A6 9 13 13 0 30.95 3.38 0.26 2.02 5.64 3.0E-02 4.90 0.26 2.93 8.17 1.1E-05 

AGBL1 7 13 14 0 30.95 3.27 0.24 2.04 5.23 7.3E-03 3.83 0.24 2.39 6.12 2.0E-04 

KRTAP6-1 1 12 12 0 28.57 4.15 0.29 2.33 7.38 1.2E-02 5.78 0.29 3.25 10.28 2.2E-05 

SKA3 7 12 12 0 28.57 3.85 0.25 2.37 6.24 4.3E-04 5.43 0.25 3.35 8.81 6.4E-08 

ARHGEF28 12 12 12 0 28.57 2.60 0.20 1.77 3.81 9.5E-03 2.63 0.20 1.79 3.85 7.0E-03 

STARD9 14 11 11 0 26.19 8.72 0.24 5.46 13.92 1.1E-15 2.99 0.24 1.88 4.77 3.8E-02 

PRAG1 6 11 11 0 26.19 4.50 0.31 2.47 8.20 8.0E-03 6.32 0.31 3.47 11.49 1.5E-05 

SYNM 9 11 11 0 26.19 3.59 0.28 2.07 6.22 4.7E-02 5.32 0.28 3.07 9.22 2.3E-05 

FSIP2 17 11 11 0 26.19 3.36 0.24 2.08 5.42 6.8E-03 4.25 0.24 2.63 6.86 3.0E-05 

GXYLT1 1 10 10 0 23.81 30.13 0.34 15.35 59.15 0.0E+00 25.64 0.34 13.17 49.94 0.0E+00 

FER1L6 7 10 10 0 23.81 5.18 0.32 2.76 9.69 2.6E-03 5.64 0.32 3.02 10.56 5.8E-04 

ARAP2 9 10 10 0 23.81 4.05 0.29 2.29 7.18 1.5E-02 5.52 0.29 3.12 9.77 4.4E-05 

DAAM2 7 9 9 0 21.43 10.97 0.34 5.66 21.30 1.3E-08 14.72 0.34 7.60 28.51 1.5E-11 

EYS 8 9 9 0 21.43 4.88 0.34 2.52 9.43 2.3E-02 7.29 0.34 3.77 14.08 3.3E-05 

IGSF10 7 9 9 0 21.43 4.60 0.31 2.53 8.37 5.3E-03 6.77 0.31 3.72 12.30 3.4E-06 

LPIN2 4 8 8 0 19.05 8.03 0.36 3.97 16.26 6.4E-05 9.99 0.36 4.94 20.19 1.4E-06 

FGD6 4 8 8 0 19.05 8.00 0.36 3.95 16.18 6.9E-05 11.28 0.36 5.58 22.80 1.4E-07 

WDR90 8 8 8 0 19.05 7.63 0.34 3.94 14.78 1.6E-05 9.64 0.34 4.98 18.65 1.6E-07 

EVC 7 8 8 0 19.05 7.28 0.34 3.75 14.10 3.8E-05 8.51 0.34 4.40 16.47 1.9E-06 

ADGRB2 4 8 8 0 19.05 6.43 0.36 3.18 13.00 2.1E-03 8.78 0.36 4.35 17.74 1.3E-05 

COL20A1 7 8 8 0 19.05 5.26 0.34 2.72 10.18 7.8E-03 7.18 0.34 3.71 13.89 4.5E-05 

IQCN 10 8 8 0 19.05 3.68 0.25 2.24 6.04 2.4E-03 3.69 0.25 2.25 6.05 2.3E-03 

ZNF98 1 7 7 0 16.67 86.63 0.41 38.44 195.22 0.0E+00 29.58 0.40 13.55 64.59 1.8E-13 

FLNC 7 7 7 0 16.67 32.06 0.39 14.99 68.55 3.5E-15 26.51 0.38 12.51 56.17 1.1E-13 

DACT2 6 7 7 0 16.67 23.96 0.39 11.24 51.09 1.8E-12 9.96 0.38 4.71 21.04 1.6E-05 

LYST 7 7 7 0 16.67 16.06 0.38 7.56 34.09 4.5E-09 26.25 0.38 12.39 55.61 1.4E-13 

MAP3K9 2 7 7 0 16.67 14.07 0.23 8.97 22.08 0.0E+00 18.80 0.23 11.99 29.46 0.0E+00 

RAB44 7 7 7 0 16.67 12.93 0.38 6.10 27.40 2.3E-07 18.32 0.38 8.66 38.74 2.6E-10 

LTBP3 4 7 7 0 16.67 9.32 0.38 4.39 19.80 5.7E-05 6.74 0.38 3.18 14.26 5.9E-03 

SLC6A16 5 7 7 0 16.67 7.95 0.36 3.94 16.06 6.9E-05 7.54 0.36 3.74 15.20 1.6E-04 
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      gnomAD nfe gnomAD global 

Gene 
N 

var 
N 

ind 
N 

het 
N 

hom % ind OR SE lowCI highCI 
FDR 

pValue OR SE  lowCI highCI 
FDR 

pValue 

MED16 8 7 7 0 16.67 7.55 0.36 3.75 15.21 1.4E-04 11.54 0.36 5.73 23.23 6.8E-08 

LCMT2 5 7 7 0 16.67 6.48 0.38 3.06 13.73 9.6E-03 9.35 0.38 4.42 19.79 4.7E-05 

NID1 10 7 7 0 16.67 5.51 0.30 3.03 10.01 2.0E-04 5.76 0.30 3.18 10.46 7.9E-05 

FHDC1 5 7 7 0 16.67 5.14 0.36 2.55 10.38 4.4E-02 7.81 0.36 3.87 15.74 8.8E-05 

PROB1 6 6 6 0 14.29 65.47 0.43 28.35 151.23 0.0E+00 129.36 0.43 56.20 297.75 0.0E+00 

EML6 7 6 6 0 14.29 16.02 0.38 7.54 34.00 4.7E-09 22.99 0.38 10.86 48.68 2.4E-12 

GCN1 5 6 6 0 14.29 13.92 0.41 6.18 31.39 2.0E-06 20.97 0.41 9.32 47.18 1.8E-09 

PHLPP1 4 6 6 0 14.29 12.58 0.42 5.57 28.38 9.9E-06 17.48 0.41 7.77 39.36 4.6E-08 

ATXN1 6 6 6 0 14.29 10.42 0.41 4.63 23.43 1.3E-04 15.91 0.41 7.09 35.71 1.9E-07 

IGSF9 6 6 6 0 14.29 10.34 0.41 4.60 23.24 1.5E-04 16.34 0.41 7.28 36.68 1.2E-07 

TMEM250 4 6 6 0 14.29 9.84 0.41 4.37 22.18 3.2E-04 16.44 0.41 7.30 37.00 1.3E-07 

MYO7A 7 6 6 0 14.29 8.77 0.38 4.15 18.56 1.2E-04 12.05 0.38 5.71 25.46 6.5E-07 

URB2 5 6 6 0 14.29 8.74 0.41 3.88 19.65 1.5E-03 12.07 0.41 5.37 27.09 1.5E-05 

MGAM 8 6 6 0 14.29 8.43 0.36 4.18 16.99 2.3E-05 6.95 0.36 3.46 13.98 5.0E-04 

KIAA1217 6 6 6 0 14.29 8.34 0.38 3.94 17.66 2.7E-04 12.93 0.38 6.12 27.35 2.0E-07 

RHBDF1 6 6 6 0 14.29 8.04 0.38 3.80 17.02 4.7E-04 13.47 0.38 6.37 28.49 9.5E-08 

ZBTB37 2 6 6 0 14.29 8.00 0.42 3.53 18.15 6.0E-03 12.07 0.42 5.33 27.34 2.3E-05 

TMEM184A 5 6 6 0 14.29 7.96 0.38 3.76 16.87 5.6E-04 10.34 0.38 4.89 21.87 9.5E-06 

KRT26 4 6 6 0 14.29 7.57 0.41 3.36 17.04 9.3E-03 8.45 0.41 3.76 18.98 2.2E-03 

CFAP43 6 6 6 0 14.29 7.43 0.41 3.31 16.67 1.1E-02 10.98 0.41 4.90 24.63 5.7E-05 

TECTA 6 6 6 0 14.29 7.27 0.41 3.24 16.32 1.4E-02 10.52 0.41 4.69 23.58 1.1E-04 

LRRC8E 5 6 6 0 14.29 7.17 0.41 3.19 16.12 1.7E-02 10.53 0.41 4.69 23.64 1.1E-04 

ITGA1 4 6 6 0 14.29 7.16 0.41 3.18 16.11 1.8E-02 11.20 0.41 4.98 25.18 4.8E-05 

SLC27A1 2 6 6 0 14.29 6.91 0.42 3.05 15.67 3.4E-02 10.20 0.42 4.50 23.09 2.4E-04 

WDR36 4 6 6 0 14.29 6.72 0.38 3.17 14.26 6.3E-03 9.50 0.38 4.49 20.14 3.9E-05 

ZC3H13 4 6 6 0 14.29 5.71 0.36 2.83 11.55 1.1E-02 8.64 0.36 4.28 17.45 1.8E-05 

KIR3DL1 3 6 6 0 14.29 5.60 0.11 4.48 7.01 0.0E+00 6.51 0.11 5.21 8.14 0.0E+00 

ANKRD30B 5 5 5 0 11.90 249.03 0.51 90.80 683.00 0.0E+00 294.70 0.49 113.77 763.36 0.0E+00 

NWD2 5 5 5 0 11.90 83.02 0.47 32.88 209.62 1.0E-16 82.63 0.46 33.53 203.66 0.0E+00 

WHRN 6 5 5 0 11.90 45.54 0.42 19.91 104.17 1.4E-15 71.22 0.42 31.34 161.87 0.0E+00 

AIMP2 5 5 5 0 11.90 35.90 0.46 14.58 88.42 6.4E-11 50.53 0.46 20.66 123.58 7.8E-14 

CEMIP 4 5 5 0 11.90 34.16 0.46 13.86 84.16 1.5E-10 9.30 0.45 3.84 22.55 7.6E-03 

LTBP2 5 5 5 0 11.90 31.13 0.46 12.67 76.47 6.0E-10 34.54 0.45 14.18 84.15 6.0E-11 

ALOX15B 3 5 5 0 11.90 22.42 0.46 9.14 55.02 1.0E-07 31.70 0.46 12.98 77.45 3.2E-10 

PLIN2 2 5 5 0 11.90 16.75 0.46 6.82 41.16 7.4E-06 17.99 0.46 7.35 44.00 2.3E-06 

PLCD3 5 5 5 0 11.90 15.69 0.42 6.95 35.41 3.1E-07 26.23 0.41 11.65 59.08 3.0E-11 

PPL 5 5 5 0 11.90 11.34 0.45 4.67 27.57 7.7E-04 14.93 0.45 6.16 36.20 2.1E-05 

MXRA8 3 5 5 0 11.90 11.02 0.45 4.52 26.87 1.2E-03 12.61 0.45 5.19 30.67 2.1E-04 
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      gnomAD nfe gnomAD global 

Gene 
N 

var 
N 

ind 
N 

het 
N 

hom % ind OR SE lowCI highCI 
FDR 

pValue OR SE  lowCI highCI 
FDR 

pValue 

GTF3C3 4 5 5 0 11.90 10.94 0.45 4.49 26.61 1.2E-03 16.87 0.45 6.95 40.98 4.1E-06 

SLX4 7 5 5 0 11.90 10.91 0.38 5.15 23.10 4.0E-06 18.12 0.38 8.56 38.32 3.3E-10 

ITIH4 3 5 5 0 11.90 10.70 0.45 4.39 26.08 1.7E-03 15.23 0.45 6.26 37.05 1.9E-05 

KTN1 3 5 5 0 11.90 10.55 0.45 4.33 25.73 2.0E-03 15.04 0.45 6.18 36.60 2.2E-05 

MATN4 3 5 5 0 11.90 10.50 0.45 4.31 25.60 2.2E-03 12.96 0.45 5.33 31.52 1.5E-04 

GNL1 4 5 5 0 11.90 9.39 0.38 4.42 19.95 5.1E-05 12.27 0.38 5.79 26.02 5.8E-07 

TRIM66 5 5 5 0 11.90 8.78 0.45 3.62 21.31 1.4E-02 9.14 0.45 3.77 22.13 8.9E-03 

SHANK1 6 5 5 0 11.90 7.37 0.41 3.28 16.55 1.2E-02 8.45 0.41 3.77 18.94 2.1E-03 

C1orf127 5 4 4 0 9.52 306.59 0.53 108.80 863.96 0.0E+00 49.12 0.46 20.09 120.09 1.3E-13 

CREBBP 4 4 4 0 9.52 20.47 0.46 8.37 50.07 3.4E-07 33.17 0.45 13.60 80.89 1.3E-10 

AP3D1 4 4 3 1 9.52 19.89 0.46 8.13 48.69 5.4E-07 31.87 0.46 13.06 77.76 2.7E-10 

IGSF9B 4 4 4 0 9.52 18.84 0.46 7.71 46.05 1.1E-06 21.74 0.45 8.94 52.86 1.1E-07 

DTNB 5 4 4 0 9.52 18.70 0.46 7.66 45.63 1.1E-06 19.51 0.45 8.04 47.34 4.9E-07 

SRCAP 3 4 4 0 9.52 11.32 0.45 4.64 27.62 8.8E-04 13.59 0.45 5.59 33.07 8.2E-05 

NISCH 4 4 4 0 9.52 11.28 0.45 4.63 27.45 8.6E-04 16.03 0.45 6.60 38.93 8.4E-06 

ZNF215 4 4 4 0 9.52 11.05 0.45 4.54 26.90 1.1E-03 18.65 0.45 7.67 45.31 1.0E-06 

PLA2G2D 2 4 4 0 9.52 10.25 0.46 4.19 25.10 3.3E-03 15.75 0.46 6.44 38.51 1.4E-05 

MYO18A 5 4 4 0 9.52 9.05 0.45 3.73 21.96 1.0E-02 11.37 0.45 4.69 27.54 6.8E-04 

SON 4 4 4 0 9.52 8.02 0.27 4.76 13.49 4.2E-11 11.91 0.27 7.09 20.03 1.0E-16 

AR 3 2 3 0 4.76 8.90 0.31 4.87 16.25 1.1E-08 10.93 0.31 6.00 19.94 5.6E-11 

 
Gene: variant enriched gene; N var: number of variants in the gene; N het and N hom indicate the 
number of individuals with variants in heterozygous and homozygous, respectively. % ind: 
percentage of individuals in the ES hypoplastic cohort with variants in this gene; OR: association 
score. OR significantly greater than 1 indicates that accumulation of rare variants in that gene 
increases the risk of developing the phenotype, being the magnitude of the association greater the 
further OR is from 1; SE, lowCI and highCI show the standard deviation, lower and upper 
confidence intervals of OR, respectively; p-value indicates the statistical significance of the 
association (p<0.05), corrected by FDR multiple-testing. Association and statistical assessment 
were evaluated vs gnomAD nfe (soft grey header) and gnomAD global (dark grey header). 
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Supplementary Table 3 – Complete list of LSV 
 

Tool Gene/s Chr Start End Length Type 
AF    

cohort 
N ind 

(hom/het) 
GnomAD 

pLI 
ExAC   

pLI 
ACMG 

Tiddit  

GRIK3 
1 36957455 36960066 2147 DUP 0.024 1  (1/0) 1 1 US 

1 36958632 36960275 1505 DEL 0.024 1  (1/0) 1 1 B 

EXOC6B 2 72213038 72214236 1198 INV 0.012 1  (0/1) 0.12 0.67  ND 

CTD-3080P12.3 5 1178178 1180671 2438 DEL 0.024 1  (1/0)  ND  ND B 

CNT -P2 7 148375718 148379233 3457 DEL 0.024 1  (1/0) 0 0 B 

MRGPRG; MRGPRG-
AS1 

11 3217418 3222898 5346 DUP 0.024 1  (1/0)  ND  ND US 

RIMBP2 12 130647393 130649324 1929 DEL 0.024 1  (1/0) 0.68 0.29 B 

UNKL 16 1372908 1374264 1153 DEL 0.024 1  (1/0) 0.82 0.1 US 

WWP2 16 69820783 69825180 4398 TDUP 0.012 1  (0/1) 0.16 0.98 US 

LINC00917 16 86345402 86352129 6596 INV 0.060 4  (1/3)  ND  ND  ND 

SPIRE2 16 89829650 89832014 2333 DEL 0.024 1  (1/0) 0 0 US 

TCF25 16 89907625 89908762 1138 TDUP 0.024 1  (1/0) 0.42 0.05 US 

MSI2 17 57610451 57612555 2103 DUP 0.024 1  (1/0) 0.99 0.96 US 

TBC1D16 17 80021923 80025068 3146 TDUP 0.071 3  (3/0) 0 0.01 US 

HCN2 19 605249 608624 3114 DUP 0.024 1  (1/0) 0.49 0.83 US 

GPI 19 34391361 34392770 1410 TDUP 0.024 1  (1/0) 0 0 US 

ZNF888 19 52918924 52921075 1994 DEL 0.024 1  (1/0)  ND  ND US 

ZNF665 19 53185862 53188716 2765 DEL 0.024 1  (1/0) 0.01 0 B 

LILRA1; LILRA2 19 54576610 54597463 20854 TDUP 0.024 1  (1/0) 0 0 US 

GUSBP11 22 23683331 23685361 1920 DEL 0.024 1  (1/0)  ND  ND US 

PARVB 22 44112668 44114285 1527 DEL 0.012 1  (0/1) 0 0 B 
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Manta 

CASP8 2 201281925 201284727 -2792 DEL 0.119 6  (4/2) 0 0 US 

CHROMR; PRKRA 
2 178436319 178441609 -5290 DEL 0.012 1  (0/1) 0.42 0.15 B 

2 178444501 178447508 -3007 DEL 0.036 3  (0/3) 0.42 0.15 LP 

LOC285638 5 109259373 109265435 -6047 DEL 0.012 1  (0/1) ND ND US 

EXOC2 6 666376 667821 -1445 DEL 0.012 1  (0/1) 0 0 B 

HLA-DRB1; HLA-
DRB5; HLA-DRB6 

6 32519560 32581791 -62135 DEL 0.012 1  (0/1) 0 0 B 

SKA3 

13 21155811 21157923 -2110 DEL 0.012 1  (0/1) 0 0 B 

13 21158122 21159902 -1776 DEL 0.060 5  (0/5) 0 0 B 

13 21158126 21161789 -3663 DEL 0.012 1  (0/1) 0 0 B 

13 21159987 21161790 -1802 DEL 0.060 5  (0/5) 0 0 B 

13 21161875 21167989 -6112 DEL 0.060 5  (0/5) 0 0 B 

MOSMO 16 22075699 22080695 -4996 DEL 0.012 1  (0/1) ND ND B 

WWP2 16 69820782 69825118 4336 DUP 0.012 1  (0/1) 0.16 0.98 US 

            

Gene/s: LSV mapped gene or genes; Chr: chromosome; Start and End: SV starting and ending position in GRCh38/Hg38; Length: size of SV in base 
pairs; Type of SV including DEL (deletion), DUP (duplication); INV (inversion); N ind (hom/het): number of individuals with the SV, specifying in 
brackets how many present SV in homozygosity and heterocigosity; pLI: probability of being Loss of Function variant intolerant gene in GnomAD and 
Exac databases. pLi >= 0.9 regions are considered as high-constrained. ACMG: American College of Medical Genetics guideline classification. LB: 
likely-benign; US: uncertain significance; LP: likely-pathogenic. ND: non-described. 
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Supplementary Table 4 – Complete list of CNV 
 

Gene/s Chr Start End Length Type 
AF 

cohort 
N ind 

(hom/het) 
GnomAD 

pLi 
ExAC 

pLi  
ACMG CN 

FBLIM1; FLJ37453; SPEN; UQCRHL 1 15785058 15873799 -88741 DEL 0.024 1  (1/0) 1.00 1.00 LP -2 

MIR548F3; TGFB2 1 218346476 218441728 95252 DUP 0.048 4  (0/4) 1.00 0.99 P 
+176, +256, 
+189, +57 

MYT1L 2 1789112 1887121 -98009 DEL 0.071 3  (3/0) 1.00 1.00 LP -2 

CFAP65; IHH; MIR3131; NHEJ1 2 219033691 219076192 -42501 DEL 0.024 1  (1/0) 0.31 0.35 LP -2 

ACVR2B; EXOG; SCN5A 3 38483663 38549941 -66278 DEL 0.024 1  (1/0) 0.91 1.00 P -2 

KIT 4 54657917 54738936 81019 DUP 0.012 1  (0/1) 0.98 1.00 P +15 

TSC1 9 132895943 132928955 33012 DUP 0.024 2  (0/2) 1.00 1.00 P +9, +10 

CPSF7; CYB561A3; TKFC; TMEM138; 
TMEM216 

11 61346832 61404704 -57872 DEL 0.048 2  (2/0) 1.00 0.99 P -2 

CPSF7; CYB561A3; TMEM138; TMEM216 11 61357732 61404704 -46972 DEL 0.024 1  (1/0) 1.00 0.99 P -2 

CD276; NPTN 15 73599488 73685083 -85595 DEL 0.024 1  (1/0) 0.99 0.99 P -2 

FAHD1; LINC00254; MEIOB 16 1828068 1884294 -56226 DEL 0.024 1  (1/0) 0.00 0.00 P -2 

MIR3180-5; MIR4516; PKD1; RAB26 16 2113160 2148324 -35164 DEL 0.024 1  (1/0) 1.00 1.00 P -2 

GFOD2; RANBP10 16 67677765 67726021 -48256 DEL 0.095 4  (4/0) 0.97 0.95 P -2 

ANKRD11; ZNF778 16 89228836 89268146 -39310 DEL 0.048 2  (2/0) 1.00 1.00 P -2 

CHRNB1; FGF11; SPEM3; TMEM102; 
ZBTB4 

17 7428856 7461760 -32904 DEL 0.012 1  (0/1) 1.00 1.00 P -1 

CHD3; CYB5D1; NAA38 17 7859908 7887081 -27173 DEL 0.071 3  (3/0) 1.00 1.00 LP -2 

HSF5; RNF43 17 58402639 58421864 -19225 DEL 0.071 3  (3/0) 0.98 0.74 LP -2 

HSF5; RNF43; MTMR4; 17 58402639 58491583 -88944 DEL 0.048 2  (2/0) 1.00 1.00 LP -2 
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Gene/s Chr Start End Length Type 
AF 

cohort 
N ind 

(hom/het) 
GnomAD 

pLi 
ExAC 

pLi  
ACMG CN 

METTL2A; TLK2 17 62449643 62508553 -58910 DEL 0.071 3  (3/0) 1.00 1.00 P -2 

CERS1; GDF1; UPF1 19 18866520 18878756 -12236 DEL 0.071 3  (3/0) 1.00 1.00 P -2 

LINC02575; LRRC3; LRRC3-DT; TRPM2; 
TSPEAR 

21 44441969 44499425 -57456 DEL 0.024 1  (1/0) 0.00 0.01 P -2 

IQSEC2 X 53233386 53321350 87964 DUP 0.012 1  (0/1) 1.00 0.98 P +6 

ATP2B3; CCNQ; DUSP9; LOC105373383 X 153580784 153647425 -66641 DEL 0.024 1  (1/0) 1.00 1.00 P -2 

 
Chr: chromosome; Start and End: SV starting and ending position in GRCh38/Hg38; Length: size of SV in base pairs; Type of SV including DEL (decreases 
in the number of copies) or DUP (increases in the number of copies); n ind: number of individuals with SV in homozygosity (n hom) and heterozygosity (n 
het); pLI: probability of being Loss of Function variant intolerant gene in GnomAD and Exac databases. pLi >= 0.9 regions are considered as high-constrained. 
ACMG: American College of Medical Genetics guideline classification. LP: likely-pathogenic; P: pathogenic. ND: non-described; CN: number of copies in the 
CNV. In duplications, increased number of copies are specified per individual. In deletions are indicated as -2 (homozygous deletion) or -1 (heterozygous 
deletion
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Supplementary Table 5 – Predicted structural models evaluation of CENPP  
 

  Evaluation 

Protein 
(length) 

Modelling method 
Molprobit
y Score 

Verify3D ERRAT 
ProSA-

Web 
QMEANDisCo 

CENPP 
288aa 

I-TASSER (184) 2.84 10.76 90.0000 -2.65 0.33 ± 0.05 

CI-TASSER (276) 3.98 67.36 80.0000 -5.67 0.37 ± 0.05 

C-QUARK (183) 3.00 52.43 85.1986 -5.59 0.36 ± 0.05 

Robetta-AB* (182) 0.81 74.65 85.6115 -7.18 0.41 ± 0.05 

AlphaFold2 (185) 1.26 62.06 91.2351 -5.31 0.46 ± 0.05 

 
The CENPP structural model predicted by Alphafold2 is located at 
https://alphafold.ebi.ac.uk/entry/Q6IPU0. Molprobity Score, Verify3D, ERRAT, ProSA-web and 
QMEANDisCo metrics were used in the evaluation. Molprobity Score is a weighted logarithmic 
combination of different geometric scores such as clashscore, percentage of unfavored 
Ramachandran and percentage of bad sidechain rotamers, giving a number that reflects the 
crystallographic resolution at which those values would be expected.  Lower values are better. 
Verify3D determines the compatibility of an atomic model (3D) with its own amino acid sequence 
(1D) by assigning a structural type based on its location and environment. A higher score indicated 
high-quality of the structure. The overall quality factor, ERRAT, analyzes the statistics of 
interactions between the different types of atoms and plots the value of the error function calculated 
by a comparison with highly refined structure statistics. As the generally accepted range for a high-
quality model is >50, this analysis revealed that the backbone conformation and nonbonded 
interactions of all models were within the scope of a high-quality model. In the ProSA-web tool, the 
score is z-score defined as the energy separation between the native fold and the average of an 
ensemble of the misfolds in standard deviation units of the database. A z-score outside a range 
characteristic for native proteins of similar sizes indicated an erroneous structure. In this case, the 
z-score range of the overall quality of all models is in the range of the experimentally obtained 
structures. Finally, QMEANDisCo evaluates the agreement of pairwise distances between residues 
with sets of distance constraints extracted from structures homologous to the evaluated model, so 
the higher the score the better the model.  
*Model used for the evaluation of the impact of the deletion found. 
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