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4.1	 �Introduction

Hearing loss (HL) is the most common sensory 
disorder in humans. It is estimated that 1.6  in 
every 1000 infants in the U.S. are born with sen-
sorineural hearing loss (SNHL) [1]. One mecha-
nism of congenital SNHL is developmental 
anomalies affecting the inner ear. Inner ear mal-
formations (IEMs), detected by a computerized 
scan (CT) or magnetic resonance imaging (MRI) 
study, can be found in up to one-third of children 
with SNHL [2]. The presence of IEMs as well as 
the specific malformation detected may then have 
an impact on treatment options. For instance, if 
the cochlear nerve or the inner ear is absent in its 
entirety, placement of a cochlear implant would 
not be an effective treatment for the patient, 
although it is generally an effective treatment 

option for patients presenting with other forms of 
IEMs.

Despite studies suggesting over half of pro-
found deafness has genetic causes [3], the genetic 
basis of IEMs still remains largely to be discov-
ered. Understanding the genetic underpinnings of 
SNHL associated with IEMs is important in the 
diagnosis and timely management of patients 
presenting with SNHL.  Not only would it help 
diagnose family members who may present with 
a milder form of IEMs and assist impacted indi-
viduals with family planning, but its diagnosis 
may also be an early indication of developmental 
abnormalities in other organ systems that would 
not have manifested until later in life. Both these 
implications of understanding the genetic basis 
of IEMs have the potential to greatly impact how 
a patient may be managed in a clinical setting. 
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This review thus aims to summarize current 
understanding of the genetic etiology for IEMs, 
specifically its clinical presentation, the genes 
involved, and the roles they play in embryology.

4.2	 �A Brief Molecular 
Embryology of the Inner Ear

The embryological base of the inner ear origi-
nates from a thickening of the ectoderm known 
as the otic placode (OP), which then invaginates 
to form the otic vesicle. The OP, in turn, arises 
from a primitive embryological region that sur-
rounds the neural plate known as preplacodal 
region (PPR).

4.2.1	 �Preplacodal Region

Inner ear development begins in the PPR. Studies 
in animal models have shown that the develop-
ment of the PPR in the ectoderm of the develop-
ing embryo is determined mainly by the 
interaction of bone morphogenic protein (Bmp), 
Wnt and their antagonists, and proteins in the 
fibroblast growth factor (FGF) pathway [4] 
(Fig. 4.1a). The anterior-posterior differentiation 
of the PPR is further modulated by the mutual 
repression of transcription factors Gbx2 and 
Otx2, with Gbx2 playing an especially large role 
in the development of the OP [5] (Fig. 4.1b).

The transcriptional co-activator Eya1 and 
homeobox gene Six1 function in the early differen-

tiation and maintenance of neurons [6] and are 
thought to be regulated in turn by Foxi1 [7]. Eya1 
and Six1 together with Dach form a regulatory 
network that leads to transcriptional activation, 
cell proliferation, and organogenesis of the inner 
ear [8].

4.2.2	 �Development of Otic Vesicle

The PPR develops into the OP, which invaginates 
to form the otic vesicle. The FGF pathway con-
tinues to be important in the induction of the OP 
and signaling of this factor has been shown to 
induce the expression of zebrafish otic genes 
such as pax8, pax2a, fgf24, and sox3 throughout 
the PPR, which is important in setting the pattern 
of the otic vesicle [9]. This transformation is 
believed to be, at least in part, regulated by the 
Hoxa1 gene [10]. The FGF pathway is also influ-
enced by foxi1 and gata3 during otic develop-
ment, with foxi1 shown to inhibit, and gata3 
shown to promote its signaling [11].

In a study investigating the RhoA activity for 
apical constriction in inner ear placode invagina-
tion in a chick model, investigators showed that 
invagination of OP to form the otic vesicle occurs 
via the activation of myosin-II not only through 
FGF signaling, but also through the RhoA-ROCK 
pathway [12].

After the development of the otic vesicle, the 
otocyst then gives rise to the mature inner ear 
structures: the vestibular system in the dorsal 
plane and the auditory system in the ventral plane.
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Fig. 4.1  (a) The anterior-posterior differentiation of the preplacodal region at ~22 days. (b) Differentiation of the otic 
placode and relevant factors
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4.2.3	 �Molecules and Factors 
in the Neurogenesis 
of the Inner Ear

After the otic vesicle stage, many factors play 
important roles in the further development of 
neural inner ear structures. Previous studies indi-
cate that high levels of Sox2 protein inhibit sen-
sory cell development in the inner ear [13]. Thus 
in order for neuronal precursors to commit to a 
neuronal fate, Fgf10 signals the expression of 
Ngn1 and Neurod1, which act to inhibit the activ-
ity of Sox2 [13, 14] (Fig. 4.1b). Notch signaling 
then plays a role in specifying the sensory 
domains within the OP by inducing the prolifera-
tion of undifferentiated pre-sensory cells, upreg-
ulating Sox2, and inhibiting Ngn1 [15] 
(Fig.  4.1b). Furthermore, tfap2a is believed to 
modulate the activity of FGF and notch through 
activating the inhibitor bmp7a, playing a key role 
in neural development as well [16]. Another 
important neural aspect of the inner ear, the for-
mation of the inner radial bundle, is mediated by 
Eph/Ephrin signaling, a target of Pou3f4 tran-
scription factor activity [17, 18].

4.2.4	 �Cochlea Formation

The cochlea develops in the ventral plane in the 
antero-posterior development axis after the otic 
vesicle stage. Several factors and molecules are 
involved in the development of the cochlea, such 
as Jag1, Sox2, and Lfng [19]. Deletion of p27kip1 
can cause changes in the cochlea, such as over-
production of hair cells, interestingly causing 
sensorineural hearing loss [20]. Atoh1 is the ear-
liest discovered factor expressed in the prosen-
sory domain associated with sensory hair cells. In 
the early period it can be detected in the whole 
cochlea but over time the expression of Atoh1 is 
restricted with hair cell progenitors. Numerous 
factors, which can up- or down-regulate Atoh1, 
have been described. Among them, Sox2 is one of 
the most investigated molecules. Although being 
required for the expression, Sox2 also down-

regulates Atoh1. Other regulators of this tran-
scription factor are the Id (inhibitor of 
differentiation) genes (Id1, Id2, and Id3). These 
genes are known to negatively regulate Atoh1 
[21]. Cochlear lumen formation begins at the 
base of the cochlea and proceeds towards the 
apex. This is partly controlled by fluid secretion 
in the vestibular labyrinth, which is then absorbed 
into the endolymphatic sac, a process mediated 
by Slc26a4-encoded channels [22].

4.2.5	 �Semicircular Canal 
Development

The vestibular system is located in the dorsal 
plane of the inner ear. The semicircular canals 
and their neural elements are derived from the 
two prominences of the otocyst: the horizontal 
and vertical canal pouches. The hindbrain is the 
source of ventral-dorsal axial signaling for the 
inner ear and Wnts from the dorsal hindbrain are 
important signals for semicircular canal devel-
opment [23]. Dlx5 has been shown to be one of 
the downstream genes that respond to Wnt sig-
naling. Previous studies demonstrate that the 
lack of Dlx5 can affect canal and crista forma-
tion [24]. Also required for appropriate semicir-
cular canal formation are the molecule Hmx3 
and the gene Chd7, which encodes a 
chromodomain-containing helicase protein, and 
is proposed to act as a selector gene that encodes 
transcription factors essential for semicircular 
canal genesis [25].

4.3	 �Syndromic Causes of Inner 
Ear Malformations 
in Humans

Inner ear malformations can be found alone or as 
part of a syndrome involving other systems. 
While numerous syndromes can be associated 
with IEMs in humans, we summarize the most 
frequently diagnosed ones with clinical findings 
and causative genes in Table 4.1.

4  Genetic Causes of Sensorineural Hearing Loss Associated with Inner Ear Malformations
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Table 4.1  Selected syndromic causes of inner ear malformations

Syndrome Clinical features Gene involved
Bosley-Salih-Alorainy Autosomal recessive syndrome with congenital deafness due to 

inner ear malformations associated with Duane retraction 
syndrome of the eye, autism, and brainstem abnormalities. Inner 
ear malformations range from labyrinthine aplasia to cochlear 
anomalies

HOXA1

Branchio-oculo-facial Autosomal dominant condition characterized by branchial skin 
defects, ocular anomalies (i.e., cataracts), facial anomalies, 
malformed pinnae, and HL. Patients may have EVA, cochlear 
dysplasia, and poorly differentiated cochlear turns

TFAP2A

Branchio-oto-renal Autosomal dominant syndrome leading to malformations of the 
outer, middle, or inner ears associated with HL, branchial fistulae 
and cysts, and renal abnormalities. Inner ear presentations of 
patients include dysplastic vestibule, cochlear hypoplasia with 
defective modiolus, EVA, hypoplastic semi-circular canals, and 
dilated internal auditory canals. Onset of hearing loss ranges from 
childhood to young adulthood

EYA1, SIX1

CHARGE Autosomal dominant disorder. CHARGE stands for Coloboma, 
Heart defects, Choanal Atresia, Retarded growth and development, 
Genital abnormalities, and Ear anomalies

CHD7, SEMA3E

Kabuki Autosomal dominant disorder characterized by minor skeletal 
anomalies, unique facial features, “fetal” fingertip pads, mild to 
moderate intellectual disability, and growth deficiencies. IEM 
presentations include cochlear aplasia, vestibular dysplasia, and 
EVA

KMT2D, KDM6A

LAMM Autosomal recessive condition. LAMM stands for Labyrinthine 
Aplasia, Microtia, and Microdontia, which are its characteristic 
presentations along with profound congenital SNHL. The 
cerebellopontine angle may show the bilateral absence of 
cochleovestibular nerve with otherwise normal cerebral and 
cerebellar structures

FGF3

Microtia, hearing 
impairment, and cleft 
palate

Autosomal recessive condition characterized by mixed symmetric 
severe to profound hearing loss, microtia, and partial cleft palate. 
Inner ear malformations reported include labyrinthine aplasia

HOXA2

Pendred Autosomal recessive condition with congenital severe-to-profound 
SNHL associated with EVA and either abnormal perchlorate 
discharge test or goiter

SLC26A4

Waardenburg Auditory-pigmentary syndrome characterized by pigmentary 
abnormalities of the hair, including a white forelock and premature 
graying; pigmentary changes of the iris, such as heterochromia 
irides and brilliant blue eyes; and congenital SNHL. All types 
(I–IV) are inherited in an autosomal dominant manner, while a 
subgroup of type IV is autosomal recessive

PAX3, MITF, SOX10, 
EDN3, SNAI2, 
EDNRB and KITLG

HL hearing loss, SNHL sensorineural hearing loss, EVA enlarged vestibular aqueduct

4.4	 �Non-syndromic Causes 
of Inner Ear Malformations

Non-syndromic deafness is a type of hearing 
impairment in which HL is the only clinical 
finding in the patient. Only a few gene muta-
tions have thus far been discovered to cause 
non-syndromic IEMs and they are summarized 
below.

4.4.1	 �SLC26A4

In 1997, the gene responsible for Pendred syn-
drome was identified as SLC26A4 [26], which 
encodes a transmembrane protein named pen-
drin. Subsequently, SLC26A4 mutations were 
also discovered in individuals with autosomal 
recessive non-syndromic deafness associated 
with enlargement of the vestibular aqueduct 
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(EVA). More than 200 mutations have since been 
reported related to sporadic and familial forms of 
Pendred syndrome and non-syndromic SNHL 
with EVA, and autosomal recessive mutations in 
the SLC26A4 gene is therefore currently one of 
the leading causes of non-syndromic 
SNHL. Although the number of mutant alleles of 
SLC26A4 has been shown to correlate with the 
auditory and thyroid phenotypes, no connections 
between the type of mutation and thyroid pheno-
type have been reported [27].

Recent studies with molecular testing for 
SLC26A4 mutations and radiologic imaging of 
temporal bones demonstrated that enlargement of 
the vestibular aqueduct (EVA) can be recognized 
as the most penetrant feature of Pendred syn-
drome [28]. EVA is the most common radiologic 
anomaly of the inner ear and is mostly identified 
in either of two different contexts, non-syndromic 
EVA or Pendred syndrome.

While variants in FOXI1 and KCNJ10 were 
reported to cause SNHL with EVA when the 
same person is heterozygous for an SLC26A4 
mutation (i.e., digenic inheritance), this observa-
tion has not yet been confirmed by subsequent 
reports.

4.4.2	 �POU3F4

Variants in the POU3F4 gene are a major cause 
of X-linked deafness worldwide at locus DFN3. 
POU3F4 is the first nuclear gene implicated in 
non-syndromic deafness. The type of hearing 
loss found may be SNHL or mixed associated 
with IP-III (incomplete partition type 3) and sta-
pes fixation (DFN3) [29–32]. In addition to 
mutations located within the gene, copy number 
variants not involving the coding part of the gene 
have been reported: de Kok and colleagues iden-
tified a hot spot for microdeletions in patients 
with X-linked deafness 900  kb proximal to the 
DFN3 gene [33]. Given the POU3F4’s unique-
ness as an X-linked cause of IEMs, if hearing loss 
in a patient is found to be X-linked and associ-
ated with an inner ear malformation, mutations in 
POU3F4 gene must be part of the differential and 
evaluated.

As a clinical pearl, if POU3F4 is identified as 
the causative gene for hearing loss in a patient, 
the surgeon should be on the alert for perilym-
phatic gusher (in fact “cerebrospinal fluid”) dur-
ing stapes surgery and avoid stapes surgery which 
may result in total hearing loss.

4.4.3	 �COCH

The COCH gene is located at 14q11.2-q13 and 
encodes a secretory protein called Cochlin [34]. 
The postulated pathogenetic mechanism of 
COCH gene-related hearing loss is the accumu-
lation of acidophilic deposits in the area of the 
spiral osseous lamina, spiral ligament, and ves-
tibular nerve channels [35]. Several reports indi-
cate high probability of a link between mutations 
in the COCH gene and presentation of IEMs. 
Hildebrand et  al. described a patient who 
presented with semicircular canal dehiscence 
(SSCD) associated with a mutation in the COCH 
gene [36]. Dodson et al. described a patient het-
erozygous for a mutation in the COCH gene and 
who showed an EVA upon CT imaging [37]. 
Finally, de Varebeke described nine patients with 
the same mutation in the COCH gene. On CT 
imaging, eight of them were found to have scle-
rotic lesions and/or narrowing of the semicircu-
lar canals, and in one patient, the posterior 
vestibule was also affected [38]. Based on these 
findings, COCH mutations are a possible autoso-
mal dominant inherited cause of IEMs and are 
postulated to play a role, along with type II col-
lagen bundles, in laying down the structure of 
the inner ear [39].

4.4.4	 �ROR1

ROR1 (receptor tyrosine kinase-like orphan 
receptor 1) is an integral transmembrane protein 
consisting of extracellular and intracellular con-
served domains. A ROR1 gene mutation was 
found to be the cause of congenital autosomal 
recessive non-syndromic SNHL and common 
cavity anomaly in one reported family with two 
children [40].
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