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Preface 

Disease is the consequence of deranged molecular events affecting the function of 
cells, tissues, organs and eventually the whole body of living organisms. Therefore, 
understanding a pathophysiological process often requires a multidisciplinary 
approach and the joint efforts of scientists from the biochemical, biological, 
 biomedical and clinical fields.

The Role of Pendrin in Health and Disease has the peculiarity of focusing on an 
individual molecule, of which a detailed description of the multifaceted function is 
provided from different points of view. Pendrin is a protein localized in the plasma 
membrane of cells in various tissues and organs and transports negatively charged 
ions. Malfunction of pendrin causes genetically inherited diseases of which hearing 
loss is the main feature, such as Pendred syndrome and non-syndromic deafness.

The main aim of this book is to summarize and contribute to the diffusion of 
the current knowledge on the genetics, molecular biology and physiology of pen-
drin as well as the derangements occurring as a consequence of alterations in its 
function. After an introductory historical background (Chap. 1), the book is orga-
nized into five parts, of which the first four illustrate the pathophysiology of pen-
drin in the inner ear, thyroid, kidney and airways, respectively. Specifically, 
Chaps. 2 and 3 describe mouse models that greatly contributed to the understand-
ing of pendrin function and dysfunction. Chapters 4, 5 and 6 focus on clinical 
aspects of the inner ear and thyroid alterations in case of pendrin malfunction, and 
Chaps. 7, 8 and 9 illustrate how combined in vitro and in vivo studies integrate in 
the understanding of the molecular pathophysiology of pendrin. Part V includes 
two chapters focusing on the genetic, epigenetic, structural and molecular aspects 
of pendrin.

Although mainly focused on pendrin, some chapters of this book may be of great 
interest for scientists not directly involved in pendrin research. Specifically, Chap. 4 
includes the anatomy of the inner ear, Chap. 5 is a precious guide for geneticists in 
the challenging effort of providing a genetic diagnosis of deafness and Chap. 6 
illustrates aspects of thyroid pathology. This book, besides providing scientists with 
a detailed picture of the current knowledge on pendrin, may help otolaryngologists 
and endocrinologists in the diagnosis of Pendred syndrome and pendrin-related 
deafness and can be a useful tool for PhD and undergraduate students undertaking 
studies in physiology and pathology.

http://dx.doi.org/10.1007/978-3-319-43287-8_1
http://dx.doi.org/10.1007/978-3-319-43287-8_2
http://dx.doi.org/10.1007/978-3-319-43287-8_3
http://dx.doi.org/10.1007/978-3-319-43287-8_4
http://dx.doi.org/10.1007/978-3-319-43287-5
http://dx.doi.org/10.1007/978-3-319-43287-6
http://dx.doi.org/10.1007/978-3-319-43287-8_7
http://dx.doi.org/10.1007/978-3-319-43287-8
http://dx.doi.org/10.1007/978-3-319-43287-9
http://dx.doi.org/10.1007/978-3-319-43287-8_4
http://dx.doi.org/10.1007/978-3-319-43287-8_5
http://dx.doi.org/10.1007/978-3-319-43287-8_6
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We have appreciated the contribution of scientists actively engaged since years 
in the research on various aspects of pendrin genetics, pathophysiology and phar-
macology; to ensure a fresh perspective, some of the chapters are co-authored by 
young investigators.

We gratefully acknowledge all authors that, after working at the laboratory 
bench, patient’s bedside or in the classroom, were able to find the time to contribute 
to The Role of Pendrin in Health and Disease.

Also, as science is an ever-evolving discipline and new knowledge is gathered 
quickly and continuously, we apologize for possible omission of information made 
accessible during the last steps of the editorial process of this book.

Salzburg, Austria Silvia Dossena 
Salzburg, Austria Markus Paulmichl 
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1Introduction

Silvia Dossena and Markus Paulmichl

1.1  Historical Background

Sometimes in science, it is important to address the right question. It was in 1896 
that a young doctor, Vaughan Pendred (1869–1946), observed two cases of deaf- 
mutism and goiter in a large Irish family resident in Durham (Pearce 2007) and 
asked himself, as well as the readers of the prestigious medical journal The Lancet: 
“Why this association?” (Box 1.1) (Pendred 1896). In 1960, Fraser, Morgans, and 
Trotter proposed the eponymous of “Pendred syndrome” for defining the associa-
tion of congenital deafness and sporadic goiter. The same authors attempted to 
explain the reason of this association with an interference between thyroxine syn-
thesis and auditory function by toxic substances produced by an aberrant metabolic 
pathway (Fraser et al. 1960; Fraser 1965), a hypothesis that was never demonstrated. 
In the same period, Thould and Scowen postulated that deafness in Pendred syn-
drome could arise from an inadequate exposure to thyroid hormones in utero 
(Thould and Scowen 1964). This hypothesis was refuted by the fact that the nature 
of deafness caused by hypothyroidism – nerve (De Vos 1963) or conduction type – 
is different from that observed in Pendred syndrome (perceptive, i.e., sensorineural) 
(Woolf 1965), and the cause of the syndrome remained obscure.

Several years later, the advent of molecular genetics greatly accelerated the dis-
covery of genes involved in disease. In 1996, Coyle and Sheffield independently 
showed that Pendred syndrome maps to chromosome 7q, in the region containing 
the gene of nonsyndromic deafness DFNB4 (Coyle et al. 1996; Sheffield et al. 
1996). In 1997, Everett and collaborators, using a positional cloning strategy, identi-
fied the gene mutated in Pendred syndrome (formerly called PDS) and described 
three potentially deleterious sequence alterations segregating with the disease 

mailto:silvia.dossena@pmu.ac.at
mailto:paulmichl@me.com
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(Everett et al. 1997). The same authors reported that the PDS gene produces a tran-
script of approximately 5 kb that was found to be expressed at significant levels in 
the thyroid and at lower levels in the kidney. The 780 amino acid (86 kD) protein 
predicted to be encoded by this transcript was named pendrin and was found to 
share significant sequence homology with known sulfate transporters. Therefore, 
these authors initially suggested that an altered sulfate transport may play a funda-
mental role in thyroid physiology and pathogenesis of congenital deafness. These 
findings readily boosted numerous studies aimed at the functional and molecular 
characterization of pendrin. In parallel, from genetic studies, the heterogeneity of 
pendrin sequence alterations associated with Pendred syndrome and nonsyndromic 
deafness became immediately obvious (Coyle et al. 1998). The importance of 
molecular analysis of the PDS gene in the assessment of families with congenital 
hearing loss and to obtain a definite diagnosis of Pendred syndrome was firmly 
established (Coyle et al. 1998; Kopp 1999).

A few years later, functional studies showed that the pendrin protein does not 
transport sulfate (Scott et al. 1999; Kraiem et al. 1999; Bogazzi et al. 2000), but 
rather shows affinity for monovalent anions such as iodide, chloride, and bicarbon-
ate (Scott et al. 1999; Royaux et al. 2000, 2001; Soleimani et al. 2001). Being that 
pendrin is expressed in the thyroid (Royaux et al. 2000) and inner ear (Everett et al. 
1999), an impairment in its function may cause pathological changes in both organs, 
leading to deafness and goiter. Accordingly, a mouse model lacking pendrin expres-
sion manifests inner ear malformations similar to those encountered in patients with 
Pendred syndrome. Pendred’s question was finally answered.

1.2  Perspectives and Open Questions

Often in science, the answer to a question germinates a myriad of new questions. After 
its cloning, an enormous amount of work was devoted to define the physiological role 
of pendrin in the different organs in which it is expressed, and to understand the pre-
cise cellular events leading to disease following alteration of pendrin function by 
genetic mutation. In this scenario, several aspects still remain to be fully elucidated. 
For example, the striking intrafamilial variability in terms of deafness and goiter phe-
notype in Pendred syndrome has always intrigued scientists: What other factors, 
besides pendrin mutations, contribute to the severity of the disease? Why are some 
individuals with biallelic pendrin mutations affected by nonsyndromic deafness 
(DFNB4), while others develop the full spectrum of symptoms typical of Pendred 
syndrome? What are the precise molecular and cellular events culminating to inner 
ear malformations and deafness following alteration of pendrin activity?

Also, the precise functional role of pendrin in the thyroid is still a matter of 
debate. Is pendrin the true apical iodide transporter of the thyrocyte, responsible for 
the iodide flux into the follicular lumen, or does it rather control the cytosolic and/
or follicular pH by acting as a transporter of bicarbonate? If pendrin is the apical 
iodide transporter of the thyrocyte, why do mice models lacking pendrin expression 
not develop goiter? On the other hand, if pendrin is not the apical iodide transporter, 
why do patients with Pendred syndrome develop thyroid dysfunction and goiter?

S. Dossena and M. Paulmichl
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Besides being expressed in the inner ear and thyroid, pendrin is also found in the 
kidneys, airways, and several other tissues, although the expression levels are lower 
compared to those of the thyroid. Although kidney and lung diseases are not mani-
fested in Pendred syndrome, emerging evidence points to an important role of pen-
drin in controlling the acid–base status of the organism, blood pressure, and airway 
surface liquid volume.

Therefore, pendrin seems to be an attractive drug target, and it remains to be seen 
whether or not the transporter can be effectively and safely targeted in the treatment 
of hearing loss, hypertensive states, or airway distresses.

Box 1.1
The original article of V. Pendred, describing the disorder which came to be 
known as Pendred syndrome. Taken from Pendred (1896), with permission.

Clinical Notes:
Medical, Surgical, Obstetrical, and Therapeutical.
Deaf-Mutism and Goitre.
By Vaughan Pendred, M.R.C.S. Eng., L.R.C.P. Lond., Late house surgeon 

Guy’s Hospital
The curious association of deaf-mutism and goiter occurring in two members 

of a large family has induced me to record these cases. Why this association? 
Perhaps, some readers of THE LANCET may be able to throw some light on the 
causes of this combination of diseases: Absence of thyroid–cretinism; over-
growth of thyroid–deaf-mutism. I append the family history as recounted to me 
by the mother. The family is an Irish one, and the parents have been upwards of 
40 years resident in Durham. The father, aged 66 years, and the mother, aged 
67 years, are alive and healthy. They have had ten children, five sons, and five 
daughters. In an episode of smallpox 25 years ago, the whole family was attacked 
with the exception of the younger of the deaf- mutes, and four males and one 
female died, although all had been vaccinated, and this recently, as they were 
children. The remaining son and two of the daughters are healthy and vigorous. 
The first goiter case is the first-born of the family – a spare woman now aged 
38 years. She is deaf and can only mumble indistinctly; little care has been taken 
to educate her and so she is imbecile. The goiter is a large multilobular hard 
tumor, the greater part on the right side of the neck; from time to time, she suffers 
from dyspneic attacks. The growth was first observed after the smallpox, i.e., at 
13 years of age. The second surviving girl is now aged 28 years and is the fifth of 
the family; she is a small, spare, intelligent woman, her expression being in 
marked contrast to her sister’s. She is not absolutely deaf and can mumble inco-
herently; her education has been attended to with so much success that she has 
been “in service.” The tumor is larger than in the other case, but is of the same 
character; it has been growing for about 15 years, and during the last year has 
caused both dyspnea and dysphagia, which have become so urgent that I have 
sent her today to Newcastle Infirmary for operation.

Durham.

1 Introduction
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2Mouse Models Reveal the Role 
of Pendrin in the Inner Ear

Philine Wangemann and Andrew J. Griffith

Abstract
In 1896, Vaughan Pendred, MD, wrote a case report about two siblings that 
presented with hearing loss and goiter. This initial report was followed over 
the next 100 years with additional cases, and the condition became known as 
Pendred syndrome. The underlying gene, SLC26A4, which codes for the pro-
tein pendrin, was discovered in 1997, and mutations of SLC26A4 have since 
been recognized to underlie not only Pendred syndrome but also nonsyn-
dromic hearing loss associated with an enlargement of the vestibular aque-
duct (EVA) and variable deficits in vestibular function. In 2001, Dr. Lorraine 
Everett, in a team led by Dr. Eric Green, reported the first mouse model that 
recapitulates EVA, deafness, and vestibular dysfunction. This and other 
mouse models have proven to be tremendously valuable in the quest to under-
stand the role of pendrin in hearing and vestibular function. This chapter 
summarizes work on these mouse models that are revealing the role of 
 pendrin in the inner ear.

mailto:wange@vet.ksu.edu
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2.1  Introduction1

The gene SLC26A4 (MIM #605646) codes for the protein pendrin, which is an 
electroneutral exchanger for anions such as HCO3

−, Cl−, and I− (Scott et al. 1999; 
Scott and Karniski 2000; Soleimani et al. 2001). Pendrin is expressed in the apical 
membrane of epithelial cells in the inner ear, the thyroid, and the kidney (Royaux 
et al. 2000, 2001; Wangemann et al. 2004). Additional expression has been found 
in airways, mammary glands, uterus, placenta, liver, platelets, and adrenal glands 
(Bidart et al. 2000; Suzuki et al. 2002; Rillema and Hill 2003; Nakao et al. 2008; 
Alesutan et al. 2011; Pelzl et al. 2013; Lazo-Fernandez et al. 2015). The expres-
sion of SLC26A4 in the inner ear and the thyroid is consistent with the observa-
tions that mutations of SLC26A4 cause hearing loss associated with an enlarged 
vestibular aqueduct (EVA; MIM #600791), Mondini-like dysplasia of the cochlea, 
vestibular dysfunction, and enlargement of the thyroid (Pendred syndrome; MIM 
#274600). The prevalence and spectra of SLC26A4 mutations vary among differ-
ent populations (Park et al. 2003; Tsukada et al. 2015). The highest prevalence of 
SLC26A4 mutations has been reported in East Asian populations in China, Taiwan, 
Japan, and Korea. Notably, in some Chinese populations, 13.7, 16.8, or 18.6 % of 
children attending schools for the deaf carry mutations of SLC26A4 (Yuan et al. 
2009; Zhu et al. 2015; Jiang et al. 2015). Between 82 and 98 % of East Asian 
patients with EVA carry mutations of SLC26A4 (Choi et al. 2009; Tsukada et al. 
2015). The prevalence of SLC26A4 mutations in European and North American 
Caucasians is much lower. About 50 % of North American and European Caucasian 
patients with EVA carry mutations of SLC26A4 (Campbell et al. 2001). Of these 
patients, about one-half carry one detectable mutation in the coding regions and 
splice sites of SLC26A4, whereas the other one-half of patients carry mutations on 
both alleles. Hearing loss is sometimes congenital, but typically fluctuating and 
progressive with an onset before or around the time of oral-auditory speech and 
language acquisition (Pryor et al. 2005; Choi et al. 2009; Miyagawa et al. 2014). 
Vestibular dysfunction is less overt and less common (Abe et al. 1999; Sugiura 
et al. 2005; Suzuki et al. 2007; Zhou and Gopen 2011; Zalewski et al. 2015; Jung 
et al. 2016), and the onset of goiter occurs typically after puberty (Fraser et al. 
1960; Fraser 1965; Ajij et al. 2016). In contrast to mutations of other genes that 
cause hearing loss, there is no close correlation between mutation type and phe-
notype for SLC26A4 (Choi et al. 2009; Tsukada et al. 2015). However, in north 
American and European Caucasian EVA patients, the number of mutant alleles of 
SLC26A4 is correlated with both the thyroid and auditory phenotypes. Bilateral 
EVA and a biochemical defect in thyroid iodine organification are penetrant fea-
tures of two mutant alleles of SLC26A4, whereas unilateral EVA and a normal 
thyroid iodination phenotype are observed in association with one mutant allele of 
SLC26A4. The incomplete penetrance of EVA and variability in the severity of 
hearing loss suggest that additional genetic or environmental factors play a 

1 With permission of S. Karger AG this chapter represents an update of an article published in 2013 
(Wangemann 2013).

P. Wangemann and A.J. Griffith
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critical role, which merits further investigations into the physiology and pathobi-
ology of pendrin-related deafness with the goal to ameliorate or prevent hearing 
loss in individuals carrying mutations of SLC26A4.

Most research into the physiology and pathobiology of pendrin-associated 
hearing loss has been carried out in mice. The goal of this review is to provide 
a brief summary of studies in mouse models that have been developed to delin-
eate the role of pendrin in the physiology of hearing and balance with the ulti-
mate goal to develop strategies to preserve hearing in individuals that carry 
mutations of SLC26A4. Clinical phenotypes and the genetics of hearing loss 
associated with EVA are reviewed elsewhere (Griffith and Wangemann 2011; 
Ito et al. 2011, 2013).

2.2  Synopsis of the Development of the Murine Inner Ear

The development of the inner ear begins in mice at embryonic day 9.5 (E9.5) with 
the formation of an otocyst (reviewed in: (Mansour and Schoenwolf 2005)). The 
otocyst encloses amniotic fluid, which is a plasma-like fluid containing ~140 mM 
Na+ and ~10 mM K+ (Cheung and Brace 2005). Between E10 and E10.5, two pro-
trusions begin to extend from the otocyst: one forms the cochlea and the other forms 
the endolymphatic sac. While the protrusions elongate, the center of the otocyst 
reorganizes into the vestibular labyrinth. The lumen of the endolymphatic sac opens 
at E10.5, and the lumen of the cochlea opens at E14.5 (Kim and Wangemann 2010). 
Lumen formation during the growth phase of the inner ear is controlled by a balance 
of fluid secretion and absorption. Fluid secretion appears to occur in the vestibular 
labyrinth and fluid absorption in the endolymphatic sac (Kim and Wangemann 
2010). The hypothesis that NaCl secretion and NaCl absorption control luminal 
volume during the growth phase of the inner ear is consistent with the finding that 
the luminal fluid in the cochlea is filled until E17.5 with a solution that contains 
~140 mM Na+, ~126 mM Cl−, ~10 mM K+, and ~25 mM HCO3

− (Kim and 
Wangemann 2011, Li et al. 2013b).

At E17.5, closure of the utricular-saccular duct separates the interconnected 
fluid compartments of the inner ear into two fluid systems (Cantos et al. 2000). 
One system consists of the cochlea, the saccule, and the endolymphatic sac, and 
the other consists of the utricle, the three ampullae, and the three semicircular 
canals (Fig. 2.1). The separation of the vestibular labyrinth from the cochlea coin-
cides with the acquisition of mechanosensitivity of vestibular hair cells at E17 
(Geleoc and Holt 2003; Lelli et al. 2009). The onset of vestibular function occurs 
~8 days later, at postnatal day 4 (P4), concurrent with the general maturation of 
the organ and the maturation of the innervation (Nordemar 1983; Desmadryl and 
Sans 1990). With the conclusion of the growth phase of the inner ear, the luminal 
fluid, endolymph, in the cochlea and the vestibular labyrinth changes from a 
NaCl-rich to a KCl-rich solution. The onset of K+ secretion in the utricle is cur-
rently under investigation. The onset of K+ secretion in the cochlea, however, has 
been found to occur at ~ E19.5. Two days later, at P0, when cochlear sensory cells 
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acquire mature mechanosensitivity, cochlear endolymph contains ~70 mM K+ 
(Lelli et al. 2009, Li et al. 2013b). Five days later, at P3, endolymph contains 
~100 mM K+, which is close to the mature concentration of 150 mM K+ (Li et al. 
2013b). Concurrent with the rise of the K+ concentration occurs a decline of the 
Na+ concentration (Li et al. 2013b). The onset of hearing at ~P12 coincides with 
the maturation of the endocochlear potential, which rises between P5 and P15 
from ~10 mV to the mature voltage of ~90 mV (Steel and Barkway 1989; 
Yamasaki et al. 2000; Wangemann et al. 2007). In the mature inner ear, the Na+ 
concentration is ~1 mM and the Ca2+ concentration is 22 μM, both concentrations 
being unusually low for an extracellular fluid since most extracellular fluids con-
tain ~150 mM Na+ and 1.5 mM Ca2+(reviewed in: Wangemann 2006).

a b

c

e

d

Fig. 2.1 Pendrin expression in the inner ear. (a) Schematic overview. The inner ear consists of the 
cochlea, saccule, and utricle and three ampullae with semicircular canals and the endolymphatic 
sac and duct. All compartments are lined with epithelial cells and filled with endolymph. (b) Cross 
section of one turn of the mature cochlea. Pendrin is expressed in epithelial cells of the spiral 
prominence (long arrows) and in spindle cells of stria vascularis (short arrows). (c–d) Cross sec-
tions of the saccule or utricle and an ampulla. Pendrin is expressed in transitional cells, which are 
epithelial cells surrounding the maculae in the saccule and utricle and the cupulae in the ampullae. 
(e) Cross sections of the endolymphatic duct and sac. The endolymphatic duct runs through a bony 
canal, which is called the vestibular aqueduct. Pendrin is expressed in mitochondria-rich cells in 
the endolymphatic sac (arrows). Similar diagrams were contributed to other papers (Li et al. 
2013a, Wangemann 2013)
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2.3  Pendrin Expression in the Inner Ear

Pendrin in the inner ear functions as an exchanger of Cl− and HCO3
− and thereby 

may contribute to an elevated endolymphatic HCO3
− concentration and an elevated 

endolymphatic pH (Nakaya et al. 2007; Wangemann et al. 2007; Kim and 
Wangemann 2011). In the mature inner ear, pendrin is expressed in the apical mem-
brane of nonsensory epithelial cells in the cochlea, the vestibular labyrinth, and the 
endolymphatic sac (Royaux et al. 2003; Wangemann et al. 2004). During develop-
ment, the earliest expression of pendrin in the inner ear occurs at E11.5 in the endo-
lymphatic sac (Kim and Wangemann 2011). Between E13.5 and E14.5, expression 
in the endolymphatic sac increases dramatically. At E14.5, virtually all pendrin 
expression in the inner ear is located in the endolymphatic sac. In the cochlea, the 
earliest expression of pendrin is found in the hook region at E14.5. The hook region 
is the most basal part of the cochlea. Between E14.5 and E17.5, pendrin expression 
expands from the hook region to the lower and then to the upper turn of the cochlea. 
The onset of pendrin expression in the vestibular labyrinth occurs at E14.5 in the 
utricle and at E16.5 in the ampullae.

2.4  Mouse Models That Lack Pendrin Expression

The first mouse model, Slc26a4Δ/Δ (formerly called Slc26a4−/− or Pds−/−), is a knock- 
out mouse maintained in the 129S6 strain, in which exon 8 of Slc26a4 is replaced 
with a neomycin cassette (Everett et al. 2001). The replacement introduces a frame 
shift, which prevents the generation of a functional protein. Slc26a4Δ/Δ mice develop 
an enlarged vestibular aqueduct and a Mondini-like dysplasia of the cochlea, fail to 
develop hearing and display vestibular deficits. The hearing and balance phenotype 
of Slc26a4Δ/Δ mice is more severe than the phenotype in most patients with DFNB4 
or Pendred syndrome, who, in many cases, are born with residual hearing that often 
deteriorates within the first 3 years (Kim et al. 2015).

Consistent with the recessive inheritance pattern, Slc26a4Δ/+ mice develop nor-
mal sensory systems and normal hearing and balance. Slc26a4Δ/Δ and Slc26a4Δ/+ 
mice have been used extensively to investigate the consequence of a complete lack 
of pendrin for the development of the inner ear. Further, Slc26a4Δ/Δ and Slc26a4Δ/+ 
mice have been used as background for transgenic mouse models that feature tem-
porally or spatially limited pendrin expression from a transgene (Choi et al. 2011, 
Li et al. 2013a).

Several of the phenotypic features of Slc26a4Δ/Δ mice have been observed in the 
pendrin-mutation knock-in mouse, Slc26a4Tm1Dontuh/Tm1Dontuh. Slc26a4Tm1Dontuh/Tm1Dontuh 
mice, which are maintained in the C57BL/6 strain, contain a splice-site mutation at 
exon 8 of Slc26a4. This mutation introduces a frame shift and a new stop-codon 
designed to recapitulate the human mutation c.919-2A > G, which is the most preva-
lent mutation in China, Taiwan, and Mongolia (Lu et al. 2011; Tsukada et al. 2015). 
Similar to Slc26a4Δ/Δ mice, Slc26a4Tm1Dontuh/Tm1Dontuh mice lack exon 8 of Slc26a4, 
which leads to a similar phenotype.
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The phenotypes of Slc26a4Δ/Δ and Slc26a4Tm1Dontuh/Tm1Dontuh mice bear a clear 
resemblance to the human phenotype. In contrast, Slc26a4Tm2Dontuh/Tm2Dontuh mice, 
also maintained in the C57BL/6 strain, contain a single-nucleotide mutation 
designed to recapitulate the human mutation p. H723R, which is the most prevalent 
mutation in Japan and Korea (Lu et al. 2013; Tsukada et al. 2015). Slc26a4Tm2Dontuh/

Tm2Dontuh mice, however, have normal hearing and balance (Lu et al. 2013). The basis 
for this latter observation is unknown, but illustrates the challenges in developing 
mouse models that closely approximate the human EVA phenotype.

2.4.1  Development of the Cochlea Without Pendrin

The first pathobiological alteration of the inner ear in Slc26a4Δ/Δ mice is the abnor-
mal enlargement of the luminal volume that begins at E14.5. The enlargement 
coincides with cochlear lumen formation and persists throughout adulthood 
(Everett et al. 2001; Kim and Wangemann 2011). Formation of the enlargement 
during the growth phase of the inner ear appears to be the consequence of an imbal-
ance between NaCl secretion and pendrin-dependent NaCl absorption. At E18.5, 
when the growth phase of the inner ear comes to an end, the enlargement amounts 
to a ~10-fold larger volume of scala media in the cochlea of Slc26a4Δ/Δ mice com-
pared to that of Slc26a4Δ/+ mice.

The second pathobiological alteration in the inner ear in Slc26a4Δ/Δ mice is the 
acidification of cochlear endolymph that begins at E15.5 and coincides with the 
enlargement and the failed rise in pendrin expression at E14.5 (Kim and Wangemann 
2011). Acidification of the luminal fluid also occurs in the endolymphatic sac and 
has been documented in the mature inner ear in the cochlea and the utricle of the 
vestibular labyrinth (Nakaya et al. 2007; Wangemann et al. 2007).

Luminal enlargement and acidification are the primary pathobiological altera-
tions, which distribute the effect of pendrin deficiency from pendrin-expressing 
cells to the entire inner ear (Kim and Wangemann 2010). Luminal acidification 
alters pH-sensitive mechanisms, and luminal enlargement limits cell-to-cell com-
munication mechanisms that rely on contact or diffusible factors transmitted via the 
luminal or abluminal compartment. A remarkable number of secondary conse-
quences of the lack of pendrin expression have been observed. Impaired cell-to-cell 
communication may be responsible for the premature onset of connexin 26 expres-
sion in basal cells of stria vascularis at E18.5, for the retarded development of the 
layered structure of stria vascularis observed at P3, the retarded development of the 
organ of Corti between age P5 and P10 that includes a delayed opening of the tun-
nel, failure to express BK K+ channels in inner hair cells, and a delayed innervation 
of the organ of Corti (Wangemann et al. 2009; Kim and Wangemann 2011).

One of the diffusible factors affected by the impaired cell-to-cell communication 
appears to be thyroid hormone (T3) that is generated from the pro-hormone thyrox-
ine (T4) produced in the thyroid gland and delivered to the inner ear via the vascu-
lature. In the cochlea, T3 is generated from T4 in fibrocytes located in the modiolus, 
the spiral limbus, and the spiral ligament. Receptors for T3, however, are located in 
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the organ of Corti and the cochlear capsule. Enlargement and consequently delays 
in thyroid hormone signaling lead to signs of a local cochlear hypothyroidism that 
is evident between P5 and P10 from a delayed opening of the tunnel of Corti, 
delayed innervation, thickening of the tectorial membrane, failure to express BK K+ 
channels in inner hair cells, and a delayed ossification of the cochlear capsule 
(Wangemann et al. 2009; Kim and Wangemann 2011; Dror et al. 2014).

Additional consequences of the enlargement include an increase in the rate of K+ 
secretion by strial marginal cells (Li et al. 2013b), an increase in the rate of Na+ 
absorption by Reissner’s membrane epithelial cells (Kim et al. 2014), oxidative and 
nitrative stress in stria vascularis (Singh and Wangemann 2008), loss of the K+ chan-
nel KCNJ10 in intermediate cells of stria vascularis and loss of the endocochlear 
potential (Wangemann et al. 2004), a rise in the endolymphatic Ca2+ concentration 
(Wangemann et al. 2007), and finally degeneration of sensory cells and stria vascu-
laris (Jabba et al. 2006). The increase in the rate of K+ secretion is evident from the 
finding that differences in endolymph K+ concentrations between Slc26a4Δ/Δ and 
Slc26a4Δ/+ mice never exceed a factor of 2, while the volume of endolymph differs by 
a factor of 10 (Kim and Wangemann 2010, Li et al. 2013b). Whether the increase in 
the rate of K+ secretion is a function of the enlarged luminal volume or a function of 
the lower pH is not known. Marginal cells sense K+ concentrations at the apical mem-
brane by an unknown mechanism, and low apical K+ concentrations lead to an increase 
in the rate of K+ secretion (Wangemann et al. 1995; Wangemann et al. 1996). A pH 
effect on K+ secretion is also conceivable since the K+ channel KCNQ1/KCNE1 (for-
merly known as KvLQT1/minK or IsK) in the apical membrane of marginal cells is 
activated by extracellular acidification (Unsold et al. 2000). In spite of the elevated 
rate of K+ secretion, the K+ concentration in endolymph remains slightly lower in 
Slc26a4Δ/Δ compared to Slc26a4Δ/+ or Slc26a4+/+ mice (Royaux et al. 2003, Li et al. 
2013b). The lower K+ concentration may be balanced by a higher endolymphatic Na+ 
concentration, which, in turn, may be responsible for the observed upregulation of 
Na+ reabsorption and ENaC in Reissner’s membrane epithelial cells (Kim et al. 2014).

A plausible consequence of higher metabolic rates necessary to maintain higher 
rates of K+ secretion is oxidative and nitrative stress that results in elevated amounts 
of nitrated and oxidized proteins in stria vascularis of Slc26a4Δ/Δ mice (Singh and 
Wangemann 2008). Incompletely developed defense mechanisms may contribute to 
the free radical load. Expression levels of the K+ channel KCNJ10 are reduced in the 
combined presence of oxidative and nitrative stress (Singh and Wangemann 2008), 
and loss of KCNJ10 is sufficient to abolish the endocochlear potential (Marcus et al. 
2002). The endocochlear potential, however, depends not only on the expression of 
KCNJ10 but also on the integrity of epithelial and endothelial barriers that separate 
the intrastrial fluid space from endolymph, perilymph, and blood. Studies which 
used fluorescent beads (~20 nm diameter) as tracer have failed to demonstrate a 
compromise of the barrier between the intrastrial fluid space and blood; however, 
studies that used the smaller tracer biotin have demonstrated a compromise in the 
barrier between the intrastrial fluid space and perilymph in Slc26a4Δ/Δ mice (Ito 
et al. 2014). This compromise in the barrier integrity in conjunction with the loss of 
KCNJ10 appears to cause the observed loss of the endocochlear potential.
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The loss of the endocochlear potential and the acidification of endolymph are 
likely the main factors that contribute to the elevation of the endolymphatic Ca2+ con-
centration in Slc26a4Δ/Δ mice. The concentration of Ca2+ in endolymph of normal 
mice, such as Slc26a4Δ/+ mice, is 22 μM, whereas the Ca2+ concentration in Slc26a4Δ/Δ 
mice is higher by a factor of ~100 (Wangemann et al. 2007). The reduction of the 
endocochlear potential could contribute to the observed elevation of the endolym-
phatic Ca2+ concentration since suppression of the endocochlear potential has been 
shown to coincide with a rise in the endolymphatic Ca2+ concentration (Ninoyu and 
Meyer zum Gottesberge 1986; Ikeda et al. 1987). The elevated luminal Ca2+ concen-
tration in Slc26a4Δ/Δ mice is likely to contribute to the degeneration of sensory hair 
cells that becomes overt at P15 (Everett et al. 2001). Contributing factors may be the 
luminal acidification, local cochlear hypothyroidism, and the lack of the endocochlear 
potential. Similarly, marginal cells of stria vascularis degenerate after P15, and mac-
rophages appear in stria vascularis of Slc26a4Δ/Δ mice at P30 (Jabba et al. 2006). 
Macrophages that accumulate in stria vascularis are strongly pigmented and give 
stria vascularis a dark appearance (Wangemann et al. 2004). It is unclear whether 
pigmentation is inherent to macrophages or whether pigmentation is acquired by 
phagocytosis of melanin-containing intermediate cells of stria vascularis.

2.4.2  Development of the Vestibular Labyrinth Without Pendrin

Secondary consequences of the lack of pendrin expression in the vestibular labyrinth 
include an increase in the endolymphatic Ca2+ concentration and the formation of 
giant otoconia which leads to vestibular dysfunction (Everett et al. 2001; Wangemann 
et al. 2004; Nakaya et al. 2007). Otoconia are protein-containing CaCO3 crystals that 
enable the detection of linear acceleration in the utricle and saccule of the vestibular 
labyrinth. Normal otoconia vary in size but do not exceed ~20 μm, whereas giant 
otoconia reach sizes of ~200 μm. Giant otoconia have been reported in Slc26a4Δ/Δ 
mice as well as in Slc26a4loop/loop and Slc26a4Tm1Dontuh/Tm1Dontuh mice (Everett et al. 2001; 
Wangemann et al. 2004; Dror et al. 2010; Lu et al. 2011). The concentration of Ca2+ 
in vestibular endolymph of normal mice, such as Slc26a4Δ/+ mice, is 250 μM, whereas 
the Ca2+ concentration in Slc26a4Δ/Δ mice is higher by a factor of ~10 (Nakaya et al. 
2007). The higher endolymphatic Ca2+ concentration may be a function of the larger 
transepithelial potential (−4 mV in Slc26a4Δ/Δ mice vs. −1.5 mV in Slc26a4Δ/+ mice), 
the more acidic pH (pH 7.1 in Slc26a4Δ/Δ mice vs. pH 7.4 in Slc26a4Δ/+ mice), and a 
failure to absorb Ca2+ (Nakaya et al. 2007; Yamauchi et al. 2010).

2.5  Mouse Models That Express Hypomorphic Pendrin

Slc26a4loop/loop mice were identified in a mutagenesis screen for neurosensory disor-
ders and found to contain a point mutation, S408F, that reduces the anion exchange 
activity of pendrin without affecting protein expression (Dror et al. 2010). Interestingly, 
this hypomorphic mutant results in a phenotype that is similar to the phenotype of 
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Slc26a4Δ/Δ mice, which features a complete loss of pendrin expression. Similar to 
Slc26a4Δ/Δ mice, Slc26a4loop/loop mice do not acquire hearing or vestibular function, 
develop an enlargement of the cochlea, and form giant otoconia in the vestibular laby-
rinth. Further, Slc26a4loop/loop mice, similar to Slc26a4Δ/Δ mice, develop signs of 
cochlear hypothyroidism including a thickened tectorial membrane with reduced 
beta-tectorin expression, a lack of BK K+ channels in inner hair cells, and a delayed 
ossification of the temporal bone (Dror et al. 2014). These findings underscore the 
importance of sufficient pendrin function during development of the inner ear.

2.6  Mouse Models with Spatially Limited Pendrin 
Expression

Slc26a4 transcription is controlled by various regulatory elements in the promoter 
region of Slc26a4 that allow the expression to be cell-specific and responsive to 
specific situations (Yang et al. 2007; Adler et al. 2008; Rozenfeld et al. 2012; Vanoni 
et al. 2013). Notably, expression in mitochondria-rich cells of the endolymphatic 
sac of the inner ear is driven by the transcription factor FOXI1, whereas expression 
in the cochlea and the vestibular labyrinth is driven by other regulators (Yang et al. 
2007). FOXI1 in mitochondria-rich cells of the endolymphatic sac drives not only 
the expression of pendrin but also the expression of ATP6V1B1, a subunit of the H+ 
ATPase that is expressed in the inner ear only in these cells (Vidarsson et al. 2009). 
FOXI1 and ATP6V1B1 have therefore been used to generate mouse models that 
exclude the expression of pendrin from the endolymphatic sac or that limit the 
expression of pendrin in the inner ear to the endolymphatic sac.

2.6.1  Inner Ears Without Pendrin Expression 
in the Endolymphatic Sac

The mouse model Foxi1−/−, which lacks expression of the transcription factor 
FOXI1, expresses pendrin in the cochlea and in the vestibular labyrinth but lacks 
pendrin expression in the endolymphatic sac (Hulander et al. 2003). The observa-
tions that Foxi1−/− mice are deaf, have vestibular dysfunction, and develop an 
enlargement of the inner ear point to the importance of the endolymphatic sac for 
the development of the cochlea and the vestibular labyrinth.

2.6.2  Inner Ear Without Pendrin Expression in the Cochlea 
and Vestibular Labyrinth

Slc26a4Δ/Δ and Slc26a4Δ/+ mice have been used as genetic background for a 
model that features a spatially limited pendrin expression (Li et al. 2013a). 
Tg(B1- hPDS)Slc26a4Δ/Δ mice contain a transgene, which consists of the pro-
moter for human ATP6V1B1 that drives the expression of human SLC26A4, 
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formerly called hPDS. ATP6V1B1 codes for the B1-subunit of the H+ ATPase, 
which is expressed in mitochondria-rich cells of the endolymphatic sac but not 
in the cochlea or in the vestibular labyrinth. Thus, Tg(B1-hPDS)Slc26a4Δ/Δ mice 
express human pendrin in mitochondria-rich cells of the endolymphatic sac but 
lack pendrin expression in the cochlea and the vestibular labyrinth of the inner 
ear (Li et al. 2013a). Tg(B1- hPDS)Slc26a4Δ/Δ mice do not develop the enlarge-
ment typically observed in Slc26a4Δ/Δ mice. This finding demonstrates that res-
toration of pendrin expression in the endolymphatic sac is sufficient to restore 
fluid absorption in the endolymphatic sac and to restore normal fluid homeosta-
sis throughout the inner ear. Most interestingly, hearing and balance are restored 
in Tg(B1-hPDS)Slc26a4Δ/Δ mice. These findings raise the possibility that a spa-
tially limited therapy focused on the endolymphatic sac (a structure that is rela-
tively remote from the cochlea) might restore normal hearing and balance. 
Although this finding suggests that the expression of pendrin in the cochlea and 
the vestibular labyrinth is dispensable for hearing and balance, it remains to be 
determined whether a cochlea without pendrin has a robust hearing phenotype 
or whether pendrin expression has a protective or homeostatic role in response 
to common stressors such as noise and aging.

2.7  Mouse Models with Temporally Limited Pendrin 
Expression

Slc26a4Δ/Δ and Slc26a4Δ/+ mice have also been used in combination with a binary 
transgenic line that permits temporally limited pendrin expression. 
Tg[E],Tg[R]Slc26a4Δ/Δ mice contain two transgenes, an effector transgene, Tg[E], 
which consists of the murine promoter of Slc26a4 in series with the coding sequence 
of the tet-on transactivator rtTA, and a responder transgene, Tg[R], which consists 
of a response-element for the doxycycline-bound rtTA-regulating expression of a 
murine Slc26a4 cDNA (Choi et al. 2011). Since rtTA expression is driven by an 
Slc26a4 promoter and regulatory elements, the temporal and spatial domains of 
expression of pendrin are limited to those in which pendrin is expressed in wild- 
type mice. Both transgenes, which were randomly inserted at unlinked locations in 
the genome, were crossed with the Slc26a4Δ/Δ line so that pendrin is expressed in the 
inner ear when doxycycline is present. Omission of doxycycline prohibits expres-
sion, and withdrawal of doxycycline leads to a rapid cessation of pendrin expres-
sion. Thus, pendrin expression can be controlled through the administration of 
doxycycline. When doxycycline was present from conception onward, mice devel-
oped a normal anatomy of the inner ear with no evidence of enlargement and normal 
hearing thresholds similar to Slc26a4Δ/+ mice, and when doxycycline was absent, 
mice developed an enlargement of the inner ear and failed to acquire hearing similar 
to Slc26a4Δ/Δ mice. Interestingly, cessation of pendrin expression in a fully func-
tional inner ear did not affect hearing (Choi et al. 2011). These findings demonstrate 
that pendrin is required for the development but not for the maintenance of hearing 
in a normally developed ear.
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2.7.1  Pendrin Expression Is Required During a Critical Time 
Period During Development

The mouse model Tg[E],Tg[R]Slc26a4Δ/Δ was used to determine the time period dur-
ing which pendrin expression is required for normal cochlear development (Choi et al. 
2011). Mice developed normal hearing, when doxycycline was administered from con-
ception onward. Normal hearing thresholds developed even when the normal onset of 
pendrin expression at E11.5 was delayed by 5 days to E16.5 in the conditional mutant 
mice. Further, mice developed normal hearing thresholds, when pendrin expression 
was terminated by withdrawal of doxycycline as early as P2. These data define E16.5 
to P2 as the most critical time period during which pendrin is needed for the develop-
ment of normal hearing thresholds (Choi et al. 2011). The time period needed for the 
development of an uncompromised endocochlear potential and a normal endolym-
phatic pH begin earlier and last longer, which may imply that the hearing phenotype 
may be less robust in spite of normal thresholds when pendrin expression is restricted 
to the most critical time period (Choi et al. 2011). Taken together, the observations 
open the prospect that a temporally limited therapy focused on the prenatal phase of 
development may restore hearing in individuals bearing mutations of SLC26A4.

2.7.2  Pendrin Deficiency During Development Leads 
to Degeneration of Stria Vascularis and Causes Fluctuating 
and Progressive Hearing Loss

The mouse model Tg[E],Tg[R]Slc26a4Δ/Δ was used to determine the effect of pendrin 
deficiency on hearing thresholds and on the stability of the hearing phenotype (Ito 
et al. 2014). Doxycycline was administered from conception until E17.5 and thus, 
pendrin expression was terminated within the critical time period. Mice developed a 
normal anatomy of the inner ear with no evidence of an enlargement; however, the 
hearing phenotype was not stable. Mice developed fluctuating and progressive hear-
ing loss, which recapitulates a hearing phenotype often observed in patients with 
mutations of SLC26A4 (Griffith and Wangemann 2011; Ito et al. 2014, 2015).

Several observations point to stria vascularis as the major player in the develop-
ment of fluctuating hearing loss (Ito et al. 2014; Ito et al. 2015). Hearing thresholds 
correlated with the magnitude of the endocochlear potential in pendrin-deficient mice. 
The expression level of KCNJ10 was reduced, and the normal complex morphologi-
cal interdigitations between marginal and intermediate cells were diminished (Ito 
et al. 2014). Progressive hearing loss correlated with degeneration of stria vascularis 
including loss of KCNQ1 expression and enlargement of apical cell surfaces of mar-
ginal cells, hyperpigmentation, and expression of macrophage markers such as CD68 
(Ito et al. 2015). Degeneration of stria vascularis in pendrin-deficient mice resembles, 
to some extent, the degeneration observed, at a faster time scale, in Slc26a4Δ/Δ mice 
that are devoid of pendrin expression (Jabba et al. 2006). The link between pendrin 
deficiency and degeneration of stria vascularis may involve the pendrin-expressing 
spindle-shaped cells of stria vascularis (Wangemann et al. 2004; Nishio et al. 2016). 
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Spindle-shaped cells provide the upper and lower limits of stria vascularis, face endo-
lymph on their apical membrane, and connect marginal cells to basal cells (Katagiri 
et al. 1968; Luciano et al. 1995). Unlike marginal cells, spindle- shaped cells do not 
express KCNQ1 in their apical membrane but do express pendrin and ATP-gated cat-
ion channels P2RX2 (Wangemann et al. 2004; Housley et al. 2013).

2.7.3  Reinstatement of Pendrin Expression Alleviates 
Fluctuating Hearing Loss

The mouse model Tg[E],Tg[R]Slc26a4Δ/Δ was further used to determine whether res-
toration of pendrin expression has a beneficial effect on hearing (Nishio et al. 2016). 
Doxycycline was administered from conception until E17.5, which resulted in the 
development of fluctuating and progressive hearing loss. Doxycycline was then rein-
stated either at P6 or at P30, which is before or after the establishment of the endoco-
chlear potential and the onset of hearing. Reinstatement of pendrin expression at P6 
alleviated hearing fluctuations, but reinstatement at P30 had no beneficial effect. An 
inverse correlation was noted between hearing thresholds and the amount of pendrin 
expression in the apical membrane of spindle-shaped cells. These observations under-
score the importance of spindle-shaped cells for the homeostasis of stria vascularis, 
link deficient spindle-shaped cells to fluctuating hearing loss, and indicate that resto-
ration of pendrin expression may be beneficial to ameliorate progression and fluctua-
tions of hearing in individuals bearing mutations of SLC26A4.

 Conclusions

Studies in mouse models have provided tremendous insights into the role of pen-
drin in inner ear development and the etiology of an enlargement of the vestibu-
lar aqueduct. Studies of pendrin-related mouse models have revealed 
pathobiological mechanisms that may have broad implications beyond hearing 
loss associated with loss-of-function or hypo-functional mutations of SLC26A4. 
The concept that a temporally and spatially limited therapy may be sufficient to 
restore normal hearing or to ameliorate fluctuations and progression of hearing 
loss provides an imperative to develop interventions that secure a lifetime of 
normal hearing for individuals bearing mutations of SLC26A4.
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3The Slc26a4loop Mouse Model 
for Pendred’s Syndrome 
and Nonsyndromic Deafness

Amiel A. Dror and Karen B. Avraham

Abstract
Pendred’s syndrome results from bi-allelic pathogenic variants in the SLC26A4 
gene and is characterized by sensorineural deafness and a partial thyroid iodine 
organification defect, with or without goiter. Vestibular dysfunction is occasion-
ally present, although it is not part of the classic clinical definition of Pendred’s 
syndrome. The pendrin protein, encoded by the SLC26A4 gene, is responsible 
for transporting anions across cell membranes, including in the inner ear and 
thyroid. In the ear, pendrin functions as a HCO3

−/Cl− exchanger and has a key role 
in maintaining endolymph homeostasis. In the thyroid, pendrin function is still 
not clear, and efforts are being made to identify the molecular mechanisms that 
underlie the broad thyroid phenotypic variation of Pendred’s patients. While 
environmental factors, such as an iodine-deficient diet, contribute to phenotypic 
heterogeneity, other strong genetics factors should be considered. Several mouse 
models bearing Slc26a4 mutations have been generated. Unique calcium oxalate 
minerals have been found in the vestibule of loop, a mouse model with a hypo-
functional allele of Slc26a4. The abnormal mineralized bodies were detected 
ectopically within the vestibular labyrinth. The thyroids of Slc26a4loop/loop mice 
are small with atrophic follicles. In this chapter, we summarize the unique find-
ings of Slc26a4loop/loop mice in the vestibular system and thyroid gland. The exis-
tence of phenotypic variation observed among different Slc26a4 mouse models 
is encouraging evidence for further investigating mutation-specific mechanisms 
for Pendred’s syndrome. The ability to predict specific phenotypes for a given 
mutation will contribute to better clinical management and treatment, with an 
emphasis on preventive medicine.
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3.1  Introduction

Pendred’s syndrome was first described in 1896 by Dr. Vaughan Pendred, who doc-
umented his observation of two sisters with familial deafness and goiter (Pendred 
1896). Although goiter was originally described as part of the syndrome, only some 
Pendred’s patients present with an enlarged gland (Reardon et al. 1997). A consis-
tent thyroid defect of Pendred’s syndrome is partial iodine organification, measured 
by abnormal excessive discharge of iodide from the thyroid gland, following potas-
sium perchlorate administration (Fraser et al. 1960; Morgan and Trotter 1958). The 
serum level of thyroid hormone in Pendred’s patients, however, may remain within 
normal range (euthyroid) or be abnormally low (hypothyroid) (Blons et al. 2004).

In contrast to the variable thyroid size seen in Pendred’s syndrome, the anatomic 
malformation of the inner ear is consistent with common radiological hallmarks of 
enlarged vestibular aqueducts (EVA) (Valvassori and Clemis 1978). Pendred’s syn-
drome is the most common form of deafness associated with EVA, and accounts for 
approximately 10 % of all cases of hereditary hearing loss (Fraser 1965; Park et al. 
2003; Reardon et al. 1997). The hearing impairment is classically characterized with 
early onset, prior to acquisition of speech or during early childhood (Choi et al. 2009; 
Pryor et al. 2005). Cases of progressive hearing loss in adolescence have been reported 
as well, in association with head injury, infection, or delayed secondary hydrops 
(Luxon et al. 2003). The hearing loss of Pendred’s patients is sensorineural in nature, 
and often progresses with a fluctuating pattern or stepwise hearing decrements, even-
tually leading to profound deafness (Jackler and De La Cruz 1989; Levenson et al. 
1989). Despite the close proximity of auditory and vestibular systems within the inner 
ear, the penetrance of vestibular dysfunction in Pendred’s syndrome is partial, and 
only some of the affected individuals are symptomatic. When symptoms are present, 
they are usually mild and include motor developmental delay and vertigo episodes 
that are rarely debilitatingg (Zalewski et al. 2015). A recent study demonstrated that 
vestibular dysfunction among patients with bi-allelic SLC26A4 mutations is strongly 
linked to hearing loss at low frequencies. A potential correlation of vestibular pheno-
type with allelic predisposing factor has been excluded (Jung et al. 2016).

The cloning of the Pendred’s syndrome gene, SLC26A4, has established the molecu-
lar foundation for further investigating the role of its encoded protein pendrin (Everett 
et al. 1997). As a member of a family of solute carrier transporters, pendrin functions as 
an electroneutral exchanger capable of transporting HCO3

−, Cl−, and I− (Royaux et al. 
2001; Scott et al. 1999; Soleimani et al. 2001). Pendrin is expressed in several tissues 
including the inner ear, thyroid, and kidney (Everett et al. 1997). In humans however, 
mutations in SLC26A4 predominantly affect the inner ear and thyroid gland. In the inner 
ear, pendrin is expressed in the cochlea, vestibule, and endolymphatic sac, where it is 
localized to the apical surface of various nonsensory epithelial cells (Dou et al. 2004; 
Royaux et al. 2003; Wangemann et al. 2004). In the inner ear, pendrin functions as a 
HCO3

−/Cl− exchanger, generating an efflux of HCO3
− ions from cells (Wangemann et al. 

2007). The extracellular reservoir of HCO3
− ions buffers the endolymphatic fluids of the 

inner ear and prevents its acidification. In the absence of pendrin, as seen in Slc26a4-null 
mice, a series of pathological developmental processes results in endolymphatic 
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acidification, extracellular calcium accumulation, enlargement of the endolymphatic 
compartments, and loss of endocochlear potential (Kim and Wangemann 2011; 
Wangemann et al. 2004, 2007). A recent study of the conditional Slc26a4 mouse model 
showed that delayed deletion of pendrin results in fluctuating hearing loss episodes, 
mimicking human EVA-related deafness (Ito et al. 2015). The study showed that the 
fluctuating pattern of hearing loss is attributed to cyclic pathological events that involve 
the failure and recovery of stria vascularis function. This research provides a robust 
mouse model to study an interventional approach for preventing EVA-related deafness 
during the critical time window prior to the irreversible loss of hearing. More details on 
the molecular pathogenetic mechanisms of pendrin mutations in the mouse inner ear are 
reviewed elsewhere ((Wangemann 2013) and Chap. 2).

Despite the vast knowledge gathered on pendrin function within the auditory 
system, in the thyroid gland, pendrin function has yet to be fully elucidated (see also 
Chap. 7). The localization of pendrin to the apical membrane of thyroid follicular 
cells, together with its iodide transport capacity, led to the hypothesis that pendrin 
participates in iodide efflux into the follicular lumen (Gillam et al. 2004; Royaux 
et al. 2000; Yoshida et al. 2002). However, the fact that some Pendred’s patients do 
not develop a hypothyroid state argues against a major role of pendrin in maintain-
ing follicular iodide level, which is essential for thyroid hormone production.

In this chapter, we discuss the unique pathological findings of the Slc26a4loop/loop 
mouse mutant that is informative for the variable thyroid and vestibular phenotype of 
Pendred’s syndrome (Dror et al. 2010). In terms of auditory dysfunction, loop mice 
are phenocopies of other conventional Slc26a4 mouse models. In the vestibular sys-
tem and the thyroid gland, however, loop mice show distinctive findings. In the vesti-
bule, giant pathological stones were found in the gravity sensory organs, the utricle 
and saccule, of loop mutants, instead of thousands of small otoconia that are normally 
detected. Furthermore, whereas the mineralized fraction of normal otoconia is com-
posed of calcium carbonate, a pathological composition of calcium oxalate is found in 
the saccules of Slc26a4loop/loop. Moreover, these giant otoconia are often dislocated 
from the maculae to ectopic positions within the vestibule, including the semicircular 
canal and the cristae ampullares. The thyroid gland pathology of Slc26a4loop/loop mice 
includes atrophic thyroid tissue with a majority of microfollicles (Dror et al. 2014). 
This phenotypic variability among Slc26a4 mouse mutants emphasizes the impor-
tance of studying different mutations to fully elucidate the function of Pendred’s syn-
drome gene. Understanding mutation-specific mechanisms will ultimately enable 
better prediction of a thyroid-related outcome, thereby providing clinicians with tools 
for establishing tailored approaches for better patient management.

3.2  The Slc26a4loop Mouse Is a Model for Pendred’s 
Syndrome

The loop mice were generated in an ENU mutagenesis screening program (Hrabe 
de Angelis et al. 2000). These mice failed to respond to the click box test, a screen-
ing tool for an initial hearing examination. A pure tone is produced for a short 
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duration, and the response of the mice is observed. When hearing is normal, the 
click box test will trigger a prominent startle response, whereas deaf mice will con-
tinue their activity regardless of the sound stimulus. The vestibular perception of 
loop mutants was evaluated by several behavioral tests. In contrast to the consistent 
finding of profound hearing loss in all loop mutants, their vestibular impairment is 
highly variable, ranging from mild to severe dysfunction. The auditory and vestibu-
lar defects of loop mice segregate in a recessive mode of inheritance that mapped to 
mouse chromosome 7. Further sequencing of the candidate genes within this locus 
identified the causative mutation in the Slc26a4 gene (Dror et al. 2010). The patho-
genic variant c.1223C > T leads to a single amino acid change p.Ser408Phe, in a 
highly conserved transmembrane domain of the pendrin protein, according to bio-
informatics analysis. The substitution of a serine (polar) to a phenylalanine (aro-
matic) amino acid significantly reduces pendrin transport activity as demonstrated 
by an in vitro functional assay of the loop mutation (Dror et al. 2010). The auditory 
brainstem recording shows that loop mice are profoundly deaf, with a threshold 
higher than 100 dB at all tested frequencies (8, 16, and 32 kHz). The anatomical 
malformation of loop inner ears includes enlargement of the vestibular aqueduct 
(EVA), expanded endolymphatic duct and sac, and increased endolymphatic com-
partment of the cochlea. Histological sections of the cochlea show a significant 
increase in the size of the scala media. On the other hand, the perilymphatic com-
partments, the scala vestibuli and the scala tympani, are significantly smaller. This 
gross malformation of the inner ear is similar to the previously described phenotype 
of the Slc26a4-null mice and resembles the EVA hallmark of Pendred’s syndrome 
patients (Everett et al. 2001). Loop mice are phenocopies of Slc26a4-null mice in 
term of auditory manifestations; the unique findings of Slc26a4loop/loop vestibule and 
thyroid gland are discussed in the following sections.

3.3  Slc26a4loop Is Informative for the Variable Vestibular 
Phenotype of Pendred’s Syndrome

The most penetrant inner ear anomaly related to Pendred’s syndrome is EVA, which 
associates with severe to profound hearing loss of affected individuals. Interestingly, 
despite the close anatomical proximity of the vestibular system to the auditory 
organ, vestibular symptoms among Pendred’s patient are found in only some of the 
patients (Berrettini et al. 2005). When vestibular perception is affected, the symp-
toms range from mild to severe vertigo episodes with associated nystagmus (Sugiura 
et al. 2005). Similar to the variable vestibular dysfunction of humans, the 
Slc26a4loop/loop mouse model exhibits inconsistent vestibular deficits, including 
unsteady gait and circling behavior of various degrees of severity (Dror et al. 2010). 
The normal vestibular function depends on five sensory organs within the vestibular 
system, which contains specialized mechanosensory cells essential for transforming 
body movements into neurostimulation. Three cristae ampullares are responsible 
for perceiving rotational movements, and two gravity receptors, the utricle and sac-
cule, are responsible for sensation of linear acceleration and deceleration. An 
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extracellular matrix, associated with each sensory organ, is essential for hair cell 
activation upon mechanical stimulus. The saccule and utricle depend on a unique 
extracellular gelatinous matrix, covered with otoconia, which are calcite mineral-
ized bodies that bear weight on the sensory epithelium. In-depth characterization of 
the vestibular system of loop mice at different ages revealed a gross pathological 
appearance of the saccule and utricle. Instead of thousands of otoconia, giant stones 
were apparent over the sensory maculae of postnatal day 0 (P0) loop mice (Fig. 3.1). 
Despite the significant increase in size, 50–100 times larger than a single normal 
otoconium, the giant stone morphology of newborn mutant mice was similar to that 
of wild-type otoconia and contained the same mineral composition of calcite. 
Interestingly, an age-related change of the mutant stone morphology and mineral 
composition is found exclusively in the saccule of 10-month-old loop mice. This 
progressive process results in the formation of unique calcium oxalate stones with a 
distinctive envelope shape morphology. Further characterization of the saccule 
stones at different time points between P0 and 10 months old reveals an intermedi-
ate form of mineralized bodies with a pitted surface, consistent with calcite mineral 
dissolution in an acidic environment (Dror et al. 2010).

The acidic environment has a major influence on the stability of crystals, depend-
ing on the composition of mineralized structures (Lund et al. 1975). Calcium oxalate 
will remain crystalized in a range of acidic solution that will lead to complete cal-
cium carbonate dissolution. A comprehensive study on the function of pendrin as a 
Cl−/HCO3

− exchanger in the inner ear showed that pendrin dysfunction leads to endo-
lymphatic fluid acidification due to the diminished supply of luminal HCO3

− ions 
(Wangemann et al. 2007). It has been proposed that the originally formed calcium 
carbonate otoconia are gradually dissolved when the endolymphatic pH decreases as 
a result of pendrin dysfunction. Subsequently, the increase in free Ca+2 released from 
dissolved otoconia favors the crystallization with oxalate forming calcium oxalate 
stones that are resistant to endolymph acidification as compared to calcite otoconia.

Another pathological feature of the giant vestibular minerals in Slc26a4loop/loop 
mice is related to their anatomical position within the vestibular labyrinth. Whereas 
the native position of otoconia is confined to the saccule and utricle, in Slc26a4loop/loop 
mice giant ectopic otoconia were found throughout the vestibule. Prominently, giant 
otoconia at the cristae ampullares (cupulolithiasis) and within the semicircular 
canal (canalithiasis) of Slc26a4loop/loop mice were observed. It is reasonable to sug-
gest that such spatial and temporal changes in the position and composition of the 
abnormal giant minerals can directly affect the characteristics of the observed ves-
tibular behavior. The observation of recurrent benign paroxysmal positional vertigo 
(BPPV) in Pendred’s patients has been attributed to the EVA labyrinthine-related 
disorder (Manzari 2008). Other studies have linked the paroxysmal attack of epi-
sodic vertigo and balance disorders to displacement of otoconia and occlusion of the 
hydrodynamics of semicircular canals (Epley 1995; Ko et al. 2014). This proposed 
BPPV mechanism led to the development of physical treatments of repositioning 
maneuvers (Dorigueto et al. 2005). The observed ectopic otoconia across the ves-
tibular system of Slc26a4 loop mice may represent the possible mechanism for 
BPPV in Pendred’s syndrome.
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Fig. 3.1 Pathological giant otoconia of Slc26a4loop mutant mice. (a) Schematic drawing of the 
vestibular system is shown. The sensory receptors of the vestibule include three cristae and two 
gravity receptors (saccule and utricle). The saccule and utricle of wild-type mice are covered with 
thousands of small otoconia, whereas giant otoconia appear over the utricular and saccular macu-
lae of mutant mice. (b) Scanning electron microscopy of wild-type otoconia composed of calcium 
carbonate crystals. (c) A giant calcium carbonate stone isolated from the utricle of mutant mice. (d) 
Of note is the pathological composition of calcium oxalate stones within the saccule of adult 
mutant mice. The scale bars represent 20 μm (b) and 100 μm (c, d). sc semicircular canal, ca crista 
ampullaris, ut utricle, sa saccule, CaOx calcium oxalate, CaCO3 calcium carbonate
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3.4  Slc26a4loop Is Informative for the Variable Thyroid 
Phenotype of Pendred’s Syndrome

The thyroid phenotype of Pendred’s syndrome ranges from normal-sized thyroid 
glands with preserved hormone synthesis to goiter and congenital hypothyroidism 
in its most severe form (Reardon et al. 1997). Congenital hypothyroidism is the 
most common endocrine deficiency detected in the newborn period, with an inci-
dence of 1 in 3,000–4,000 births (Haddow et al. 1999; Waller et al. 2000). Thus, 
neonatal screening programs are essential to ensure the early detection and replace-
ment of the missing hormone (Buyukgebiz 2013). Intervention soon after birth is 
crucial to prevent later episodes of thyroid hormone deficiency that leads to cretin-
ism, a condition of developmental delay and mental retardation (Syed 2015). Based 
on its pathophysiology, primary congenital hypothyroidism is divided into two main 
subclasses ((Agrawal et al. 2015); for a detailed description, see Chap. 6). Thyroid 
dysgenesis, which is usually a sporadic disorder, comprises 85 % of the cases and is 
referred to abnormal development of the gland. In this subclass, the thyroid gland is 
either missing, significantly small or in an ectopic position. In the remaining 15 % 
of cases, classified as thyroid dyshormonogenesis, hormone synthesis is impaired, 
but the thyroid gland is either normal in size or enlarged (goiter). This subclass is 
generally familial and results from inherited mutations in key genes for thyroid 
hormone biosynthesis (Grasberger and Refetoff 2011). One example for dyshor-
monogenesis is found in Pendred’s syndrome that results from bi-allelic mutation in 
the SLC26A4 gene encoding pendrin.

The initial approach to pendrin function in the thyroid is based on its known 
transport capacity of iodide (Scott et al. 1999). The positive thyroid perchlorate 
discharge test in Pendred’s patients indicates that pendrin function is important for 
iodide organification, a key step of thyroid hormone synthesis (Fraser et al. 1960; 
Morgan and Trotter 1958). The synthesis of thyroid hormone is dependent on an 
iodine-rich environment of the colloid inside the follicular lumen. The route of 
iodide flows from blood capillaries into the colloid and passes through layers of 
thyrocytes, the thyroid follicular cells. At the baso-lateral side of the thyrocyte, the 
sodium-iodide symporter (NIS) facilitates iodide uptake from blood circulation into 
the cytoplasm ((Portulano et al. 2014); see also Chap. 6). The molecular identity of 
the apical iodide transport protein, by which iodide leaves the thyrocyte to the fol-
licular lumen, is still under investigation (see Chap. 7). The localization of pendrin 
to thyrocyte apical membrane, together with its known iodide transport capacity, led 
to the hypothesis that pendrin functions as an apical iodide transporter in the thyroid 
(Royaux et al. 2000). On the other hand, the fact that only a portion of Pendred’s 
syndrome patients are hypothyroid questions pendrin’s putative function as the sole 
apical iodide transporter. It has been suggested that other proteins are redundant for 
pendrin function in the thyroid and compensate for it loss. These candidate proteins 
included the cystic fibrosis transmembrane conductance regulator (CFTR) and the 
chloride channel CLC-5 (Li et al. 2010; van den Hove et al. 2006). Another promis-
ing candidate is Anoctamin 1 (ANO1), a Ca2+-activated chloride channel, which 
was shown to function as an apical iodide transporter of thyroid (Iosco et al. 2014; 
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Twyffels et al. 2014). A recent study shows that iodide excess increases pendrin 
abundance and insertion to thyrocyte plasma membrane and extends pendrin’s half- 
life (Calil-Silveira et al. 2016). The iodide excess condition also led to an increase 
in iodide efflux from PCCl3 cells, suggesting that pendrin has a potential role in 
mediating iodide efflux in thyroid follicular cells. More details on the molecular 
mechanism of thyroid apical iodide transport are reviewed elsewhere ((Silveira and 
Kopp 2015) and Chap. 7).

In vitro studies of different pendrin mutations demonstrated the deleterious effect 
of various alleles on pendrin cellular localization, function, and expression (see 
Chap. 11). As a transmembrane protein, pendrin must reach the cell membrane in 
order to exert its function (Rotman-Pikielny et al. 2002). Mutations in the conserved 
transmembrane domains of pendrin lead to accumulation in the endoplasmic reticu-
lum (Brownstein et al. 2008; Taylor et al. 2002). Other mutations have been shown 
to have a negative effect on pendrin transport capacity or ion affinity (Dossena et al. 
2009; Pera et al. 2008). It has been proposed that residual transport capacity of a 
hypofunctional pendrin allele is consistent with euthyroid patients, whereas loss-of- 
function alleles lead to hypothyroidism (Scott et al. 2000). The consistency of this 
association has been refuted with the identification of pendrin-null alleles in patients 
with normal thyroid function, whereas significant goiter was documented in the 
presence of pendrin partial transport function (Ishinaga et al. 2002; Tsukamoto et al. 
2003). Additional studies have been attempting to identify a genotype–phenotype 
correlation for the thyroid phenotypic variation among Pendred’s syndrome patients, 
but no conclusive correlations have been found to date (Miyagawa et al. 2014; 
Suzuki et al. 2007). It is possible, however, that epigenetic modifications yet to be 
identified contribute to the wide spectrum of the SLC26A4-related thyroid pheno-
type (Xing et al. 2003). Moreover, mutations in transcriptional regulatory elements 
in the SLC26A4 promoter may expand the molecular pathogenesis of Pendred syn-
drome in a dosage-dependent model (Yang et al. 2007). This model suggests that 
mutations in the SLC26A4 promoter and the transcription factor FOXI1, along with 
mutations in SLC26A4 or other genes, may lead to a reduction in gene expression, 
which would lead to a hearing or thyroid phenotype.

Several mouse models for Pendred’s syndrome have been generated for pendrin 
functional investigation (see Chap. 2). The first mouse thyroid characterization 
came from a Slc26a4-null mouse mutant that shows a normal thyroid function with 
preserved gland histology (Everett et al. 2001). Furthermore, an iodine-deficient 
diet did not induce goiter in Slc26a4-null mice, which highlighted the redundant 
role of pendrin in thyroid iodine transport in the mouse (Iwata et al. 2011). This 
observation is consistent with the subgroup of Pendred’s patients that are euthyroid. 
The Slc26a4loop/loop mice, however, show an atrophic smaller gland in comparison 
with littermate controls ((Dror et al. 2014) and Fig. 3.2). This unexpected structural 
defect came as a surprise and in contrast to the enlarged thyroid gland that is classi-
cally seen in Pendred’s syndrome patients. Interestingly, a recent study aimed to 
identify new genetic mutations underlying thyroid dysgenesis discovered SLC26A4 
bi-allelic mutations in two patients with small and absent thyroid tissue (Kuhnen 
et al. 2014). This abnormal hypoplastic thyroid tissue stands in contrast to the 
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common goiter of Pendred’s patients. One possible explanation for thyroid atrophy 
as a result of pendrin dysfunction is related to the increased intracellular free radi-
cals due to an elevated TSH stimulatory effect (Resch et al. 2002). Another study 
showed that pendrin deficiency mediates a cellular compensatory response, which 
includes the up regulation of CLC-5 expression that eventually leads to apoptosis 
via activated caspase-6 (Senou et al. 2010). A different mechanistic explanation for 
thyroid atrophy is related to a possible role of pendrin as an apical Cl−/HCO3

− trans-
porter in the thyroid. Measurement of thyroid follicular lumen acidification in 
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Fig. 3.2 Thyroid atrophy in Slc26a4loop mutant mice. Masson’s trichrome staining of serial par-
affin sections taken from equivalent anatomical positions within the thyroid gland of wild-type and 
mutant mice. (a) A cluster of thyroid follicles filled with colloid (blue) is shown. Each colloid is 
surrounded by a monolayer of thyroid follicular cells (red). The round nuclei of the follicular cells 
are shown (black). The thin space between neighboring follicles (white) is composed of extracel-
lular lose lamellar connective tissue to support the follicles. (b) The majority of the loop mutant 
gland is composed of atrophic follicles, which are unevenly distributed. The follicles are separated 
by thick fibrotic bands of dense connective tissue (arrows). (c) A peripheral lacuna of colloid 
resorption surrounding the brush border of follicular cells is seen in a number of small follicles 
(arrowhead). (d–e) Reduced homogeneous colloid and progressive atrophy of thyroid follicles is 
seen in the loop mutant gland. (f) Schematic illustration of the pathological changes observed in 
mutant thyroid tissue (right) compared to normal appearance of wild-type thyroid tissue (left). The 
scale bars represent 100 μm (a applies to b) and 30 μm (c applies to d, e)
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Slc26a4−/− supports a potential role for pendrin in maintaining luminal pH within 
physiological range (Wangemann et al. 2009). It is possible that decompensated 
acidification of thyroid colloid can induce tissue cell death and thyroid hypoplasia. 
Further investigation of pendrin thyroid function is therefore essential to understand 
the molecular basis that underlies thyroid phenotypic variability among Pendred’s 
patients.

3.5  Summary

Pendred syndrome is one of the most common syndromic forms of deafness. While 
hearing impairment predominantly affects all patients, only some Pendred syn-
drome individuals report vestibular dysfunction and hypothyroidism. Several envi-
ronmental factors have been attributed to this variability. In the thyroid, for example, 
an iodide-deficient diet may affect thyroid hormone production and accelerate 
development of hypothyroidism in affected individuals. While environmental fac-
tors at least in part explain the phenotypic variability, other genetic factors probably 
underlie the extreme cases of congenital hypothyroidism in some Pendred syn-
drome patients. In this chapter, we summarized the recent studies that investigate 
the pathological and molecular basis for Pendred syndrome phenotypic heterogene-
ity, with an emphasis on the vestibular system and thyroid gland. Additional knowl-
edge gathered from the work on Slc26a4 mouse models for Pendred syndrome is 
informative for this phenotypic heterogeneity. The unique observations of Slc26a4loop 
thyroid and vestibular systems highlight the importance to study multiple alleles to 
understand possible mutation-specific mechanisms in Pendred syndrome.
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4Pendrin-Linked Deafness in Humans

Sebastian Roesch, Miklós Tóth, and Gerd Rasp

Abstract
Hearing loss is a well-known clinical sign in the context of pendrin malfunction. 
Pendred syndrome (PS) and nonsyndromic hearing loss (DFNB4) with enlarged 
vestibular aqueduct (EVA) are two distinct, genetically determined clinical enti-
ties of which hearing loss is the main feature. Knowledge on clinical and genetic 
properties of both entities is constantly rising. In order to improve understanding 
of inner ear malfunction in connection with pendrin malfunction, we provide an 
overview on inner ear structure and function, with a clear focus on structures 
possibly affected in the setting of PS/DFNB4.

4.1  Introduction

Of all human senses, hearing is the major tool for communication between human 
beings. In modern society, hearing and speaking give the opportunity to interact 
with each other face to face, as well as over great distances through the help of elec-
tronic devices. The process of learning how to hear and speak properly takes at least 
4 years. Once disturbed, the window of opportunity for compensation closes rap-
idly. It is important to emphasize that skills in reading and writing usually go along 
with hearing and speaking. Depending on the specific language, the amount of 
words varies greatly between spoken language (75,000 up to 600,000 words) and 
sign language (~19,000 words in the case of German sign language). Moreover, 
aspects such as intonation may only be recognized through adequate hearing. 
Besides communication, hearing allows for the recognition of potential danger 
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during everyday life, as well as the joy of cultural aspects, such as music. Eyes may 
be shut, but ears always remain open.

The sense of hearing includes the ears, representing the primary sensory organ, and 
the central processing, located in the brain. Hearing loss is a common feature of aging 
and may be tolerated in aging individuals. However, hearing loss in newborns has 
major negative impacts throughout life and therefore necessitates great alertness.

Hearing loss is the most common sensory deficiency in newborns. Considering 
all possible causes, 0.1 % of newborns are affected by a functional deficiency of the 
inner ear of variable degree—50 % of which are due to genetics. Besides clinical 
history, clinical status, audiometry and imaging, genetic investigations have become 
a valuable instrument for diagnostic work-up in cases of sensorineural hearing loss 
(SNHL). With the detection of novel genetic variations, the challenge of interpret-
ing their true impact on hearing loss rises.

This chapter explains the clinical aspects and investigations required for diagno-
sis of impaired hearing, with special emphasis on the inner ear, which is the organ 
affected the most by pendrin dysfunction.

4.2  Hearing in Humans

4.2.1  Embryology

Embryology of the human ear starts with the development of the inner ear at about 
embryonic day 22 post fertilization, Carnegie Stage 9/10. It originates from the neu-
roectoderm, specifically from the otic placode. The otic placode invaginates to become 
the otic pit, and after fusion of the surface epithelium, the otic pit detaches, forming 
the otocyst or otic vesicle (Fig. 4.1). In the following weeks, the dorsal part of the otic 
vesicle becomes the vestibular part of labyrinth, and the ventral part forms the cochlea. 
During further differentiation, three folds of the wall of the otic vesicle can be observed 
(Fig. 4.1e), which subdivide it into the main parts of the final otic labyrinth. The main 
parts are the endolymphatic duct and sac, the utricle with the semicircular canals and 
the saccule with the ductus reuniens and the cochlear duct (Bast and Anson 1949, 
Tóth and Csillag 2005, Bianchi and Fuchs 2010).

Fold I (Fig. 4.1e) gradually deepens and separates the endolymphatic duct from 
the rest of the otic vesicle. This is the largest and deepest of all three folds. During 
further development, its tip forms a free flap of tissue, which extends into the utricle 
and separates the mouth of the utricular duct from the utricular cavity (Bast 1928).

Fold II (Fig. 4.1e) is a rather small notch on the medial side of the vesicle between 
the saccule and the opening of the endolymphatic duct. It separates the endolym-
phatic duct from the saccule.

Fold III (Fig. 4.1e), between the utricle and saccule, forms the utricular duct and 
the saccular duct.

With ongoing differentiation of the otic vesicle into the membranous labyrinth, 
sensory structures such as the cristae ampullares and the maculae, are developed. 
This process is induced by nerve fibers, growing from the neural crest and getting 
into contact with the otic vesicle. A similar process can be observed in the cochlea, 
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during development of the organ of Corti. The cochlear nerve penetrates the cochlear 
duct epithelium, inducing inner hair cell differentiation first, followed by outer hair 
cell differentiation (Kelley et al. 2005).

The mature middle ear shows complex morphology. Embryological develop-
ment is completely independent from the inner ear. The auditory ossicles derive 
from the first and second pharyngeal arches (Richany et al. 1954, Anthwal and 
Thompson 2016). The tympanic cavity and the mastoid air cells derive from the first 
pharyngeal pouch, which is connected directly to the nasopharynx through the audi-
tory tube. The external auditory canal develops from the first pharyngeal cleft 
(Anthwal and Thompson 2016). Ectodermal cells proliferate and fill the entire 
lumen of the pharyngeal cleft to form the so-called meatal plug. In the center of the 
plug, the cells disappear continuously from lateral to medial. The pinna (auricle) is 
derived from six hillocks, three on each of pharyngeal arch one and two.

4.2.2  Anatomy

The human hearing organ is imbedded in the temporal bone and forms the central 
part of the lateral skull base. The organ of hearing, as well as the vestibular organ, 
is an evolutionary derivative of the lateral line canals of early aquatic vertebrates. 

a b c

ed

Fig. 4.1 Development of the membranous labyrinth; transverse sections of human embryos at 9 
somites (a), 16 somites (b), approximately 4 mm length (c), 7 mm length (d), and 22.8 mm length 
(e). OPl otic placode, OPi otic pit, OV otic vesicle, Ect ectoderm, NG neural groove, NT neural 
tube, NC neural crest, RE rhombencephalon, IJV internal jugular vein, FN facial nerve, ICA inter-
nal carotid artery, utr utricule, sac saccule, cd cochlear duct, ed endolymphatic duct. Numbers in 
(e) denote the three folds of the wall of the otic vesicle (see Sect. 4.2.1)
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The vestibular organ is limited to the inner ear in contrast to the hearing organ, 
which spreads along the entire temporal bone up to the external surface of the head 
and consists of three main segments, the outer, middle and inner ear.

The outer ear consists of two parts, the pinna and the external auditory canal. The 
pinna collects and amplifies sound and guides it through the external auditory canal 
to the tympanic membrane. The tympanic membrane is a funnel-shaped disk and 
belongs to the middle ear. It is the only mobile part of the tympanic cavity, capable 
for transmitting sound toward the auditory ossicles. The three small bones (malleus, 
incus, stapes) as a whole conduct sound vibration from the tympanic membrane to 
the fluid-filled inner ear, where mechanical vibrations are converted into nerve 
impulses and sent to the brain.

The inner ear comprises a system of membranous ducts containing receptor struc-
tures for hearing and balance, the so-called membranous labyrinth. A thick bony 
shell, called the osseous labyrinth, encloses the membranous labyrinth. There are 
two orifices (oval window and round window) and two channels (aquaeductus ves-
tibuli or vestibular aqueduct (VA) and canaliculus cochleae or cochlear canaliculus) 
within the osseous labyrinth, providing communication with surrounding structures 
(Bast and Anson 1949, Gulya and Schuknecht 1995, Tóth and Csillag 2005).

The transduction of sound waves into electrochemical impulses occurs in the 
cochlea. It is the most ventral part of the inner ear, and its bony covering resembles 
truly a snail shell, making about 2.5 turns around the modiolus. The membranous 
labyrinth of the cochlea consists of three scalae: the scala vestibuli, the scala tym-
pani, and the scala media. Scala vestibuli and scala tympani are filled with peri-
lymph, scala media with endolymph. The most important structure of the scala 
media is the organ of Corti, which is stimulated by fluid waves and sends electrical 
signs along the auditory nerve to the brain. The organ of Corti is a complex organ, 
built up by specific cells (inner and outer hair cells, pillar cells, Hensen’s cells, 
Claudius cells, and the interdental cells), and the tectorial membrane.

The morphologically larger part of the inner ear is the vestibular organ. It is 
divided into the vestibule and the semicircular canals. The vestibule, which is part 
of the osseous labyrinth, encloses two small, irregularly shaped sacs, the saccule, 
and utricule. Both, the saccule and the utricule, show a well-defined thickening, the 
so-called macula. The saccular macula is positioned vertically and the utricular 
macula horizontally. The macula is a vestibular sensory epithelium containing the 
sensory and supporting cells embedded into the gelatinous otolithic membrane. 
Special particles of both maculae are the otoliths, lying in the superficial layer of the 
otolithic membrane. The otoliths are relatively heavy particles and allow the sense 
of gravity and motion.

There are three semicircular canals, lying perpendicular to each other. One can 
distinguish a horizontal semicircular canal and two further ones, positioned verti-
cally – the superior (anterior) and posterior semicircular canals. The semicircular 
canals have an ampullated and a nonampullated end. The ampullated end is wider 
and contains sensory epithelium.

The endolymphatic duct extends from the junction of the saccular and utricu-
lar duct to an expanded portion, the endolymphatic sac (Fig. 4.2). The 
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endolymphatic duct runs through the temporal bone within the vestibular aque-
duct. The endolymphatic sac projects posterior-laterally of the temporal bone 
between the two layers of the dura mater and can be found close to the posterior 
semicircular canal. The most proximal part of the endolymphatic duct shows a 
dilated area, the so-called sinus of the endolymphatic duct. In the course, the duct 
narrows and forms the isthmus of the endolymphatic duct. Next segment is the 
rugose portion of the endolymphatic sac, still within the vestibular aqueduct. As 
the external opening of the vestibular aqueduct is reached, the sac widens again 
and terminates as the proper endolymphatic sac (smooth portion of the endolym-
phatic sac) (Bast and Anson 1949).

The course of the endolymphatic duct and sac is fairly straight during early fetal 
life. In the second half of fetal life, the originally straight course starts to change. 
The isthmus of the endolymphatic duct and the proximal part of the endolymphatic 
sac develop a curved course toward a caudal direction. From birth, the sac is hang-
ing downward from the posterior edge of the temporal bone.

Fig. 4.2 Schematic drawing of the endolymphatic duct and sac (depicted in blue) lying within the 
vestibular aqueduct (after Anson & Bast) into the temporal bone (depicted in gray). The first part 
of the endolymphatic duct is the sinus (1) and may be found within the vestibule. Second part is 
the isthmus (2). The lateral wall of the bony covering of the isthmus is always a thin bony shell and 
forms the internal opening of the vestibular aqueduct. The rugose portion of the endolymphatic sac 
(3) is covered by bone as well. Only the distal, smooth portion of the endolymphatic sac (4) is 
exposed on the posterior surface of the temporal bone without any bony covering. Black lines 
illustrate limits between the different portions
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The sinus of the endolymphatic duct lies within the periotic tissue of the otic 
capsule and demonstrates large variation. It may be constricted, moderately dilated, 
or widely distended. The loose periotic tissue allows volume changes of the sinus. 
The sinus begins at the union of the utricular and saccular duct and terminates where 
it leaves the vestibule. It is lined with a smooth surface of cuboidal cells. Structural 
irregularities may occur, most frequently in its distal part.

The isthmus is the narrowest part of the endolymphatic duct, which runs through the 
vestibular aqueduct. The lining of the isthmus also consists of cuboidal epithelium, 
forming a smooth surface with little longitudinal rugosities. The isthmus part is not 
surrounded by periotic tissue. During early fetal life, the lumen of the isthmus is quite 
wide but shrinks with ongoing ossification of the otic capsule during further develop-
ment. After the 16th fetal week, a considerable amount of perichondrial bone arises on 
the dural surface of the otic capsule, additionally. Both structural reorganizations result 
in a lengthening of the vestibular aqueduct and its content as a whole.

The endolymphatic sac is the enlarged terminal segment of the endolymphatic duct 
system. The proximal and smaller part of the sac lies within the vestibular aqueduct. 
The distal and larger part can be found between the internal and external layers of the 
dura mater. The proximal part is also called rugose portion of the endolymphatic sac.

The rugose portion of the endolymphatic sac is the intermediate part between the 
isthmus of the endolymphatic duct and the proper endolymphatic sac. Its lumen is 
wide, and the lining epithelium is strongly folded. The epithelium is surrounded by 
vascular and connective tissues. The folding is a constant structural feature of this 
part, not only in adults but also in children and even fetuses.

The proper endolymphatic sac (smooth portion) represents about two thirds of 
the endolymphatic sac system, covered laterally by the periosteum of the temporal 
bone and medially by the dura mater of the brain. Histological sections of this part 
give a fairly smooth and collapsed impression (Fig. 4.3d). The lumen of this part is 
commonly larger than that of the rugose portion. The size apparently depends on the 
amount of endolymphatic fluid contained. The epithelial lining is low cuboidal type, 
which is typical for fluid-filled cavities.

In the middle of fetal life, the whole endolymphatic sac measures about 3 mm in 
width and 5 mm in length. From third postnatal year, it may reach a size of about 
5 mm width and 10 mm length.

4.2.3  Physiology

Sound mostly spreads in waves through the air to reach the ear. In its simplest form, 
it is a sinus tone defined by amplitude and frequency. Considering the human range 
of hearing ability, usually from 20 Hz to 20 kHz, the wavelength (λ) of sound that 
can be perceived by humans is given by Eq (4.1),

 
l =

c

f  
(4.1)
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λ = wavelength (m); c = speed of sound (340 m/s in air, 20 °C); f = frequency in 
Hz (1/s)

and therefore is between 1.7 × 10−2 m and 17 m.
The human ear may detect sound pressure levels (Lp) from 2 × 10−5 to 20 Pa 

(=1 N/m2). As human hearing is a nonlinear feature, loudness is usually given in 
decibel sound pressure level (dB SPL), in audiograms usually corrected as decibel 
for hearing level (dB HL) for a linear display of hearing levels (Fig. 4.4).

Lp is given by Eq. (4.2).
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p = actual sound pressure (Pa); p0 = reference sound pressure (20 μPa)

a b

c d

Fig. 4.3 Histological slides of the endolymphatic duct and endolymphatic sac (hematoxylin and 
eosin staining). (a) The developing endolymphatic duct (ED) and a blood vessel (BV) can be 
observed in a 26-week-old fetus near the posterior semicircular canal (PSC). The vestibular aque-
duct is rather wide, and it is filled with loose fibrous tissue (stroma) around the ED. (b) In adults, 
the isthmus of the endolymphatic duct (EDi) runs in a narrow bony canal commonly accompanied 
by one or two canals, the so-called paravestibular canaliculi (PC). The proximal (rugose) portion 
of the endolymphatic sac (ESr) can be found within the vestibular aqueduct near the PSC (c), but 
the distal (smooth) portion (ESs) lies between the two layers of the dura mater on the posterior 
surface of the temporal bone (d). Scale bar 100 μM
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Perception of the same loudness for different frequencies requires frequency- 
specific sound pressure levels (dB SPL), leading to a curved line for each amount of 
loudness perception described in phon (Fig. 4.4).

The human ear can detect sound pressure levels between 0 and 120 dB. 0 dB 
resembles absolute silence, and 120 dB is the so-called pain threshold. Humans 
have a level of comfort being somewhere between 30 and 80 dB. Missing sound, as 
well as loud noise, may have undesired effects on the human body and mind. This 
is true for normal hearing ears. It is crucial to understand that any damage in the 
human ear results in a raise of the threshold for sound detection as well as a lower-
ing of the limit for noise tolerance. Therefore, the wide dynamic range may be 
decreased from 120 to 20 dB in a case of profound hearing loss (for a definition of 
the different degrees of hearing loss, see Chap. 4.3.1). The tuning curve of the 
human ear with its physiological range is shown in Fig. 4.4.

The longitudinal sound wave passes the outer ear canal and reaches the tympanic 
membrane. The wave is conducted from a gas medium (air) into solid ossicles and 
transferred into the fluid-filled inner ear. In the inner ear, the transverse, fluid- membrane 
waves (Voss et al. 2013) are converted into electrical signals that pass along the audi-
tory nerve. The pathway of a sound signal through the human ear is shown in Fig. 4.5.

The transmission of mechanical forces through different aggregation states usu-
ally results in a certain loss of power. The specific structure of the middle ear com-
ponents, especially the tympanic membrane, reduces reflection of sound power 
(Voss et al. 2013).
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Fig. 4.4 Left: Hearing thresholds of the human ear. The sound pressure level (dB SPL) is dis-
played on the y-axis, and the frequency is shown on the x-axis. Each line represents hearing per-
ception for a specific amount of subjective loudness threshold given in phon. The green curve 
shows the hearing threshold. The red curve represents the pain threshold. The purple area marks 
the sound spectrum of human speech (Adapted from Schmidt et al. 2011, with permission from 
Springer-Verlag Berlin Heidelberg). Right: Example of an audiogram, indicating hearing loss in a 
linear scale (y-axis) with sound pressure given in dB HL. The red line exemplifies a normal hearing 
threshold
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Within the cochlea, the fluid-membrane waves force a movement of the basilar 
membrane against the tectorial membrane. This movement leads to a passive mechan-
ical deflection of the stereocilia of the inner hair cells. Additional amplification and 
fine- tuning is achieved by the three rows of outer hair cells, being in contact with the 
tectorial membrane. The dynamic range of the human ear reaches about 120 dB. Almost 
half of this range is achieved by the activity of the outer hair cells. Outer hair cells are 
able to contract actively and thus influence the movement of the tectorial membrane 
and the basilar membrane. They may even inhibit it by contracting in the opposite 
phase of the sound wave (Fig. 4.6). There is a clear tonotopy in the inner ear. The 
detection of different frequencies is spread out from the highest frequencies near the 
round window membrane to the lowest frequencies in the apex of the cochlea.

The deflection of stereocilia opens a potassium channel on the apical surface of 
the inner hair cells and allows the influx of K+ ions from the endolymph into the cell. 
This leads to an intermittent depolarization of the cell and induces the secretion of 
glutamate into the synaptic space. Selective binding of the transmitter at the post-
synaptic membrane leads to a nerve action potential. The signal is subsequently 
transmitted to the brain (Fig. 4.7).

Each hair cell holds synapses of different sensitivity and thus reacts specifically 
to different amplitudes of incoming signals. Moreover, there is a mechanism for 

Fig. 4.5 Pathway of a sound signal through the human ear. In the ear canal, the airwave travels to 
the tympanic membrane. In the middle ear, the wave is conducted by the ossicles. In the cochlea, 
the wave is transmitted as a fluid wave and finally transformed into electrical impulses. These 
impulses travel via the vestibulocochlear nerve to the brain (Adapted from Schmidt et al. 2011, 
with permission from Springer-Verlag Berlin Heidelberg)
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further extension of amplitude discrimination through activation of neighboring 
hair cells. The rate of action potentials rises with increasing sound pressure levels 
up to a maximum rate for each cell. Further increase of sound amplitudes can be 
analyzed by a simultaneous activation of neighboring cells for higher and lower 
frequencies near the best frequency cell (Fig. 4.8). Specific potential patterns of 
neighboring hair cells allow an identification of best frequency cell through subse-
quent analysis in the central hearing regions of the central nervous system.
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Fig. 4.6 Organ of Corti. Situated between the scala vestibuli and the scala tympani, both filled 
with perilymph (pink color), the organ of Corti is surrounded by endolymph (gray color). (a) 
Electrolyte concentration of the endolymph is maintained through active and passive secretion by 
the stria vascularis. (b) Movement of the basilar membrane is transmitted to the inner hair cells 
within the organ of Corti. The outer hair cells actively influence these movements and act as an 
amplifier for sound pressure levels below 60 dB. The inner hair cells send signals to the cochlear 
nerve (Adapted from Schmidt et al. 2011, with permission from Springer-Verlag Berlin Heidelberg)
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On the way to these central hearing regions, the signals pass the cochlear nuclei. 
The following olive nuclei are important for the calculation of different signal 
latencies and amplitudes in order to spatialize the origin of sound. Passing the 
lemnisci and colliculus, the signals are finally transmitted to the cortical regions. 
Within these regions, the incoming information is compared with preexisting 
knowledge, and understanding of acoustic information takes place (Fig. 4.9) 
(Schmidt et al. 2011).
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Fig. 4.7 Depolarization of inner hair cell. Deflection of stereocilia by the fluid wave in the inner 
ear leads to an influx of K+ ions. This leads to a release of the specific transmitter in the synapse 
and finally to an action potential in the afferent nerve fiber (Adapted from Schmidt et al. 2011, with 
permission from Springer-Verlag Berlin Heidelberg)
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Inner hair cell Additional activation of
neighboring cells

Quiet Loud Very loud

Sound pressureAffrerent nerve fiber

Best frequency

Partial activation best cell Increasing activation best cell
a b c

Fig. 4.8 Activation of frequency-specific hair cells in case of quiet (a), loud (b), and very loud (c) 
sound pressure. Afferent nerve fibers of neighboring hair cells are activated in case of very loud 
signals (c) and thus overcome a ceiling effect of action potentials of the afferent fiber of the best 
frequency hair cell (Adapted from Schmidt et al. 2011, with permission from Springer-Verlag 
Berlin Heidelberg)
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Fig. 4.9 Central hearing pathway. Signal is led through dorsal and ventral cochlear nuclei and 
passed to the superior olive nuclei; the signal then partly crosses to the contralateral nuclei lemnisci 
and reaches the auditory cortical regions via colliculus inferior and corpus geniculatum (Adapted 
from Schmidt et al. 2011, with permission from Springer-Verlag Berlin Heidelberg)
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4.3  Impaired Hearing

4.3.1  Hearing Loss in General

Impaired hearing represents a clinical symptom realized by a patient or diagnosed 
with the help of different audiologic investigations.

As previously mentioned, the organ of hearing as a whole consists of three 
general compartments as well as specific regions of the central nervous system, 
capable for hearing. Following the natural pathway of sound, the first compart-
ment is the external ear, followed by the middle ear and the inner ear. Sound 
reaches the inner ear through the oval window, a natural orifice of the cochlea. 
The inner ear includes the cochlea and the vestibular organ. Within the cochlea, 
sound waves are transformed into electrical signals that are transmitted to the 
central hearing regions in the brain with the help of the eighth cranial nerve.

Depending on the anatomical site of impaired function, hearing loss is defined 
as conductive or sensorineural hearing loss (SNHL). Conductive hearing loss is 
forced by any malfunction within the external and/or the middle ear. SNHL is the 
result of any malfunction in the regions from the inner ear to central nervous 
system.

Further classification of hearing loss is based on audiometric findings and the 
point of onset. Audiometric findings describe severity and allow a description of 
clinical development over time in case of repeated audiologic testing. Severity of 
hearing loss is categorized as mild, moderate, severe, and profound, based on pure- 
tone audiometric testing and resulting dB HL values. According to the World 
Health Organization, “hearing loss” is categorized as mild for dB HL values 
between 26 and 40, moderate between 41 and 60, severe between 61 and 80, and 
profound for values above 80 (www.who.int/pbd/deafness/hearing_impairment_
grades/). “Deafness” means no measurable sound perception in any audiologic 
investigation.

The onset of hearing loss is described as pre- or perilingual, depending on speech 
development at time of onset.

The transmembrane protein pendrin is known to be located in different regions 
of the human inner ear, e.g., the cochlea, endolymphatic duct, and endolymphatic 
sac. Consequently, hearing loss in case of pendrin dysfunction is triggered through 
inner ear malfunction, and is therefore categorized as sensorineural in the majority 
of cases. The onset of hearing loss occurs at birth or within early childhood, depend-
ing on factors not to be known, yet.

The prevalence of congenital hearing loss in general is defined as 1.2–1.4 of 
1,000 newborns, based on data from Germany and the United States (Gross 
et al. 2000, Centers for Disease Control and Prevention 2009). A genetic cause 
may be found in about 60 % of all cases (Burke et al. 2014), of which 70 % are 
nonsyndromic. The remaining cases belong to a group of manifold syndromic 
diseases, which include the clinical symptom of congenital hearing loss.
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4.3.2  Hearing Loss in Case of Pendrin Dysfunction

4.3.2.1  Diagnosis
Hearing loss is a characteristic clinical symptom in the context of pendrin dysfunc-
tion. This applies to Pendred syndrome (PS) as well as nonsyndromic hearing 
(DFNB4) loss with enlarged vestibular aqueduct. Hearing loss in case of enlarged 
vestibular aqueduct is defined either as congenital sensorineural or congenital mixed 
(conductive + sensorineural), depending on auditory results (Seo et al. 2015, Rah 
et al. 2014, Merchant et al. 2007).

Diagnostic approach is based on specific, age-adapted audiometric testing for new-
borns and children. Early detection of possible hearing impairment provides best pos-
sible conditions for individual hearing support and possible rehabilitation. Based on 
this knowledge, newborn hearing screening was established in many countries of the 
Western world during the last decades. This objective investigation, based on mea-
surement of transient otoacoustic emissions of the outer hair cells, may give early hint 
for possible hearing impairment within days after birth. Results depend on severity of 
hearing loss, which may be small at the moment of testing in case of PS or DFNB4. 
Therefore, normal screening results do not exclude existing hearing impairment or 
later development. In many cases, congenital SNHL is recognized for the first time in 
case of missing speech development. Conspicuous screening results or missing speech 
development requires further objective audiometric investigations after clinical exclu-
sion of conductive hearing loss. Measurement of electrical potentials, triggered 
through acoustic stimulation, gives information on the function of the inner ear. 
Brainstem auditory evoked response (BAER) test is commonly used for definite diag-
nosis of SNHL in newborns and young children.

With ongoing adolescence, pure-tone audiometry for specific frequencies 
(0.25–8 kHz), an investigation depending on direct feedback from the patient, 
becomes the standard diagnostic tool for audiologic evaluation. Repeated pure-tone 
audiometry allows statements on development of hearing impairment, which may 
show progression, fluctuation, or steady state (see below for further explanation).

Identification of enlarged vestibular aqueduct (EVA), a radiologic finding, is pro-
vided through computed tomography (CT) or magnetic resonance imaging (MRI) 
of the temporal bone.

Application of imaging techniques is not part of primary diagnostic work-up for 
SNHL, especially in children with regard to radiation or necessity of anesthesia for 
MRI. Therefore, EVA in children is usually recognized during preoperative imaging 
prior to cochlear implant operation in case of severe hearing loss (see Sect. 4.4). In 
adult patients, imaging is used more frequently for further causative clarification of 
hearing loss, especially for exclusion of tumors or disease of the central nervous 
system.

As previously mentioned, the vestibular aqueduct (VA) is a bony canal within the 
temporal bone, containing a membranous tube, called the endolymphatic duct (ED) 
(Fig. 4.2). The VA runs almost horizontally from the labyrinth portion of the inner 
ear to the posterior cranial fossa in a mediolateral fashion (Fig. 4.10). Therefore, VA 
may be identified in axial planes of imaging techniques. A normal VA is hardly 
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visible due to its narrow appearance. An enlarged VA is defined differently by dif-
ferent authors. According to Valvassori and Clemis (Valvassori and Clemis 1978), 
the vestibular aqueduct can be defined as “enlarged” (EVA) when the midpoint 
diameter (measured halfway between the internal opening of the VA toward the 
labyrinth, also described as fundus in the literature, and the external opening toward 
the posterior cranial fossa, also described as porus) is ≥ 1.5 mm. Recently, Muskett 
and collaborators (Muskett et al. 2015) redefined the midpoint diameter criterion to 
more than 1.0 mm. Vijayasekaran (Vijayasekaran et al. 2007) considered a further 

a1 b1 c1

c2

c3

c4

b2

b3

b4

a2

a3

a4

Fig. 4.10 Series of CT scans of left temporal bones at different levels (axial plane). The first level 
(A–C1) represents the internal auditory canal (IAC) and the vestibule (V) just beneath the lateral 
semicircular canal, seen in the following sections. The second level (A–C2) runs through the lat-
eral semicircular canal (red arrow) and the third one (A–C3) right above. The fourth level (A–C4) 
shows the common crus of the anterior and posterior semicircular canal (blue arrowhead) in cross 
section. (A1–4) represent the normal anatomy of the vestibular aqueduct (yellow arrow), which 
can be identified between the medial wall of the vestibule and the posterior surface of the temporal 
bone. (B1–4) demonstrate a typical case of enlarged vestibular aqueduct (yellow arrow), and (C1–
4) reveal an unusual finding of a missing vestibular aqueduct from a patient with profound senso-
rineural hearing loss and vestibular symptoms

4 Pendrin-Linked Deafness in Humans



52

parameter and defined the VA as “normal” when the midpoint diameter is ≤ 0.9 mm 
and the external opening is ≤1.9 mm. Further definitions, found in literature but not 
regularly used, vary in numeric reference values or include the overall appearance 
of VA.

EVA may be found unilaterally or bilaterally. A clinical exclusion of possible PS/
DFNB4 based on unilateral appearance of EVA is not valid due to proven biallelic 
pathogenic mutations of the SLC26A4 gene encoding pendrin in patients with uni-
lateral EVA (Chattaraj et al. 2013). Moreover, size of EVA does not correlate with 
severity of hearing loss (Griffith et al. 1996, King et al. 2010). Agenesis of VA is a 
radiological finding (Fig. 4.10), not mentioned in the context of pendrin malfunc-
tion, yet. However, any malformation of inner ear structures related to pendrin 
expression, going along with hearing loss and vestibular symptoms needs to be 
taken into consideration, especially in situations of unclear genotype-phenotype 
correlations (King et al. 2010).

In summary, EVA represents a clear radiological hint for possible pendrin mal-
function, potentially resulting from an altered morphogenesis of the inner ear during 
embryology. There are further malformations of the temporal bone, being discussed 
in the context of pendrin malfunction, such as Mondini malformation (Arcand et al. 
1991, Valvassori and Clemis 1978), also known as incomplete partition II (Sennaroglu 
and Saatci 2002), and altered radiological appearance of compartments of the inner 
ear such as the vestibule (Goldfeld et al. 2005). A common feature of most variations 
is an increase in luminal size, leading to a reduction of the surrounding bony struc-
ture. To date, there exists no clear correlation between morphological variations of 
the temporal bone and actual pendrin malfunction (King et al. 2010).

The vestibular organ is embedded within the inner ear in direct connection with 
the hearing organ. Testing of vestibular function in case of suspected pendrin mal-
function is not regarded as standard procedure, yet. Vestibular symptoms are com-
monly described in patients with EVA (Grimmer and Hedlund 2007, Noordman 
et al. 2015, Zalewski et al. 2015), irrespectively from actual pendrin malfunction 
and without definition of appropriate testing protocol. In a recent prospective study, 
including 106 patients with uni- or bilateral EVA, Zalewski and collaborators 
reported on 45 % of the patients with vestibular symptoms and only 44 % of those 
with actual pathological videonystagmography (VNG) results. In contrast to studies 
on hearing impairment, there was no correlation between number of pendrin mutant 
alleles and vestibular symptoms, neither abnormal VNG results. However, these 
authors found an association between history of head injury and vestibular signs as 
well as abnormal VNG results (Zalewski et al. 2015).

Vestibular symptoms in humans with pendrin dysfunction seem not to be as com-
mon as described in mice models for Pendred syndrome (Everett et al. 2001; see 
also Chap. 1). However, selective anamnesis for vestibular symptoms, as well as 
VNG, can provide more insight into actual inner ear function in case of suspected 
pendrin malfunction, particularly in case of EVA.

After audiologic, vestibular, and radiologic assessment, next diagnostic step is 
genetic testing for mutations of the SLC26A4 gene, giving proof of possible genetic 
variations and subsequent pendrin malfunction (see Chap. 5).
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4.3.2.2  Clinical Course
The clinical course of hearing impairment in case of pendrin malfunction is gener-
ally quite heterogeneous. Time of onset, as well as progression or severity, seem to 
depend on number of SLC26A4 mutant alleles (King et al. 2010), type of mutations 
(Rah et al. 2014), possible external influences and further factors not to be known, 
yet. Looking at the great variety of hearing phenotypes, an influence of multiple 
factors seems reasonable.

Time of onset is expected to be during early childhood, due to congenital appear-
ance. Individual definition of onset depends on time of diagnosis. Clinical differen-
tiation may be based on the occasion of possible speech development, resulting in 
pre- or postlingual hearing impairment.

There is a great individual change in severity of hearing loss observed over time. 
Clinical categorizations depend on repeated pure-tone audiometry investigations in 
order to give evidence on development of impairment, stated in [dB] for each fre-
quency tested (Table 4.1). A detailed categorization of hearing development has 
been described by King and collaborators in 2010. Besides stable or progressive 
hearing loss, fluctuating hearing loss is commonly described in conjunction with 
pendrin malfunction (King et al. 2010). The same authors also described improving 
hearing loss in a single patient with one SLC26A4 mutant allele (King et al. 2010).

A further clinical feature is a sudden decrease of hearing ability, depicted as hear-
ing drop. Hearing drops related to presence of EVA are well described and explained 
trough head injury, harming the inner ear with mechanical impact. A meta-analysis 

Table 4.1 Clinical categorization of hearing impairment development based on repeated audio-
logic testing, according to King et al. (2010)

Category Definition

Stable No significant fluctuation, improvement, or progression as 
defined below

Improving 10 dB improvement at any three frequencies or 15 dB 
improvement at any two frequencies or ≥20 dB improvement 
at any one frequency

Progressive 10 dB decline at any three frequencies or 15 dB decline at any 
two frequencies or ≥20 dB decline at any one frequency

Fluctuating Interim audiogram shows 10 dB change at any three 
frequencies or 15 dB change at any two frequencies or ≥20 dB 
change at any one frequency, and final audiogram does not 
show significant improvement or progression from baseline

Fluctuating/Improving Interim audiogram shows 10 dB change at any three 
frequencies or 15 dB change at any two frequencies or ≥20 dB 
change at any one frequency, and final audiogram shows 
significant improvement from baseline

Fluctuating/Progressive Interim audiogram shows 10 dB change at any three 
frequencies or 15 dB change at any two frequencies or ≥20 dB 
change at any one frequency, and final audiogram shows 
significant progression from baseline

With permission from John Wiley & Sons Ltd
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by Noordman and collaborators in 2015 concludes that hearing drops associated with 
head injury appear in only one third of patients with EVA. Moreover, all of the 
patients affected had fluctuating hearing, leading to the conclusion that only in 
patients with fluctuating hearing ability, higher awareness of head trauma is neces-
sary. Therefore, head trauma may influence the clinical course of hearing impair-
ment, too. The remaining cases of hearing drops lack a conclusive explanation.

Genetic factors seem to have greatest impact on hearing loss and its clinical 
course. Numerous observational studies provide data on correlation between geno-
types and audiometric phenotypes (King et al. 2010, Chattaraj et al. 2013; Rah et al. 
2014). A categorization depending on the number of mutant SLC26A4 alleles (zero, 
one, or two, defined as M0, M1, or M2, respectively) allows for statements on clini-
cal symptoms. M0 status is usually found in cohorts of EVA patients suffering from 
hearing loss, with a prevalence of more than 50 % (King et al. 2010). In case of M2 
genotype, hearing thresholds appear to be poorer than in M1 or M0 individuals, at 
least in Caucasian populations.

Moreover, pathogenicity of each SLC26A4 variant needs to be taken into consid-
eration in order to predict possible clinical impact. This requires a categorization 
between pathogenic and nonpathogenic mutations (King et al. 2010).

Finally, ethnicity seems to have an influence too, since there are great differences 
between Caucasian and East Asian cohorts concerning the audiometric phenotype, 
independently from the number of mutant alleles (Rah et al. 2014). Rah and col-
laborators reported similar hearing impairment in M1 and M2 patients from East 
Asia, in contrast to the observations of King and collaborators (King et al. 2010).

The contribution of the different pathological derangements in causing hearing 
loss in case of pendrin mutations remains unclear, at least in humans. To date, most 
of the knowledge of pathogenesis of hearing loss due to pendrin malfunction derives 
from mouse models (see Chap. 2).

A loss in the endocochlear potential, as well as oxidative stress and a loss of 
expression of KCNJ10 channel within the stria vascularis seem to be concrete fac-
tors contributing to pathogenesis (Ito et al. 2014). Crucial time frame, when pendrin 
malfunction may profoundly affect hearing, seems to be during embryological 
development, at least in the mouse model (Choi et al. 2011).

From a clinical point of view, continuous audiologic testing and direct access to 
specialized clinics are mandatory in case of suspected or proven pendrin malfunc-
tion. Repeated evaluation of the clinical course of hearing ability allows for appro-
priate treatment in time, in order to achieve best possible communication skills and 
social development.

4.4  Treatment of Hearing Loss

4.4.1  Treatment of Hearing Loss in General

Treatment of hearing loss is based on the type of hearing impairment. As previously 
mentioned, hearing loss caused by deficits in sound perception is called 
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sensorineural hearing loss. An impaired recognition of high frequency sounds only, 
like singing birds, usually does not require specific treatment due to minor restric-
tion during everyday life; more influencing for humans is a deficit in understanding 
speech, resulting from deficits in multiple frequencies. Mild forms begin with prob-
lems in understanding conversations in a loud environment, and severe forms pre-
vent development of speech skills in children and can lead to the avoidance of social 
contacts in adults. For humans, it is crucial to have two functional ears, as monaural 
hearing leads to deficits in localization of sound sources and understanding in noise.

The treatment of conductive hearing loss is usually based on the underlying 
causes. Obstructions of the outer ear canal can be treated surgically. A temporary or 
permanent improvement can also be achieved by the use of bone conduction hearing 
aids (Colquitt et al. 2011). If the middle ear is affected, manifold ear surgery proce-
dures have been developed over the last 60 years (Wullstein 1960). Middle ear sur-
gery includes closure of tympanic membranes and the restoration of a destroyed 
ossicular chain. Surgery is usually performed with a microscope; endoscopic tech-
niques are under development (Kozin et al. 2014). Effusions in the middle ear may 
be drained by paracentesis or drainage tubes (Ciuman 2015). Effusions are a typical 
disease in preschool children usually recognized due to problems in speech devel-
opment. Therefore, middle ear effusion is an important clinical entity to be excluded 
in case of suspected sensorineural hearing loss in children.

If surgical therapy with passive implants does not sufficiently improve hearing 
ability, active implants may offer additional possibilities (Braun et al. 2015). Many 
different systems were developed; the most frequently implanted system world-
wide, called soundbridge, is shown in Fig. 4.11. Even a direct artificial sound wave 
transduction to the inner ear is possible, through the so-called acoustic cochlear 
implant (Lenarz et al. 2014).

If sensorineural hearing loss or combined hearing loss is evident, conventional 
hearing aids may be the first proper solution for the patient. Usually worn bilater-
ally, they can provide amplifications up to 30 dB in different frequency ranges. In 
case of mild to moderate hearing losses, this may be a sufficient solution (Fig. 4.12). 
Fitting and training are crucial to obtain patient compliance for regular use of the 
devices (Lavie et al. 2014).

For severe to profound sensorineural hearing loss, a lack of outer and inner hair 
cell function in the inner ear prevents any acoustic aids to achieve understanding 
words or sentences by amplification of sounds. For this condition, the implanta-
tion of an electrode into the cochlea leads to a restoration of hearing. The tech-
nique allows the production of electronic signals by an external speech processor, 
transmitted to the cochlea through an electrode (Fig. 4.13), independent from the 
function of the cochlea. The electrode is surgically placed into the scala tympani 
of the cochlea. The presentation of electrical potentials in striking distance to 
nerve fibers in the cochlea (as well as in the auditory nerve and the nucleus cochle-
aris) leads to open speech understanding in patients either implanted before the 
age of 2 years in congenital hearing loss as well as in patients with postlingual 
deafness. Prelingually deaf patients usually do not profit from implantation later 
than the fourth year of life.
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4.4.2  Treatment of Hearing Loss in Case of Pendrin Dysfunction

Cochlear implant supply in the context of pendrin dysfunction and accompanying 
inner ear malformations requires special alertness during surgery as well as surgical 
experience. A common phenomenon described during opening of the cochlea is the 
so-called Gusher, an effervescent discharge of perilymph. Though impressive at 
first sight, it is a circumstance surgically manageable through adequate sealing at 
the region of cochleostomy after insertion of the electrode. It is important to con-
sider possible intraoperative difficulties related to altered anatomic situations linked 
to inner ear malformations, preoperatively. However, malformations of the inner ear 
in the context of pendrin malfunction, such as EVA, incomplete partition of the 

a

b

Fig. 4.11 The vibrant soundbridge system. (a) External sound processor (left) and an implantable 
receiver (right) with an electromagnetic actuator at the end of a cable. The actuator may be attached 
to the ossicular chain (b) as well as placed directly to the oval or round window (From MedEl corp. 
Innsbruck, Austria)
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cochlea type II or enlargement of the labyrinth (see Sect. 4.3.2.1), should not have 
any impact on the surgical steps, especially not on the insertion of the electrode of 
the cochlear implant.

Clinical outcome, concerning hearing ability and speech perception after 
cochlear implant supply in case of SLC26A4 mutations, was evaluated recently by 
Busi and collaborators in 2015 (Busi et al. 2015). These authors concluded that 
SLC26A4 sequence alterations have no negative impact on the outcome of cochlear 
implant supply. This clearly supports the great value of cochlear implant in case of 
deafness, linked to pendrin dysfunction.

 Conclusions
In conclusion, to date, therapeutic options cover almost every situation of hear-
ing loss. Concerning sensorineural hearing loss, first step therapy is a conven-
tional hearing aid for sound amplification. In case of profound hearing loss or 
deafness, a cochlear implant represents the most valuable therapeutic approach. 
Clear indication and timely intervention are essential to obtain best possible 
hearing rehabilitation and satisfaction of the patient.

Fig. 4.12 Different types of hearing aids. Hearing aids may be placed behind the ear – top, three 
examples, or in the ear canal – bottom, two examples. Depending on individual amplification required, 
technical setup of sound transmission to the middle ear varies widely (From Neuroth AG, Austria)
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5Genetic Diagnosis of Deafness
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Abstract
Genetic testing can provide an accurate diagnosis, contributing to appropriate 
treatment, prognosis and precise genetic counseling for patients with hearing 
loss. It is estimated that approximately 300 genes could be involved in determin-
ing syndromic and nonsyndromic hearing loss, making the diagnosis of hearing 
loss highly challenging. Conventional methodologies have been used for the 
screening of the most frequent mutations and genes according to ethnic back-
ground, but they are impractical for the screening of all genes associated with the 
complex auditory system. The Human Genome Project has directly or indirectly 
stimulated the development of many technologies and platforms for molecular 
diagnostics of genetic diseases, including hereditary hearing loss. All these tools 
are not only applicable to molecular diagnostics, but also enable the identifica-
tion of new genes, providing new insights into the mechanisms of hearing loss.

5.1  Causes of Hearing Loss

Hearing is a complex process; consequently, it should be no surprise that the causes 
of hearing loss are also complex. Hearing loss can be caused by a variety of envi-
ronmental and genetic factors, or by a combination of both. The relative contribu-
tion of environmental causes is often determined by the economic and social 
conditions that affect health, such as education, physical circumstances and the 
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provision of neonatal and postnatal medical care. For this reason, there is a greater 
prevalence of environmental factors in developing countries, whereas genetic fac-
tors are the main cause of hearing loss in countries with high standards of health 
care. Many of the environmental causes could be reduced or eliminated by means of 
immunization, better therapies for bacterial and viral infections, public health regu-
lations and lifestyle changes.

5.1.1  Environmental Causes

Environmental factors include use of ototoxic drugs, frequent exposure to high- 
intensity sounds, trauma and infections. Nongenetic congenital hearing loss com-
monly results from intrauterine infections including toxoplasmosis, rubella, 
cytomegalovirus and herpes virus (TORCH organisms). Other conditions occur-
ring at the time of birth or during the postnatal period that can cause hearing loss 
include anoxia, prematurity, complications associated with the Rh factor in the 
blood and bacterial meningitis. These conditions typically cause degrees of senso-
rineural hearing loss ranging from mild to profound. Acquired hearing loss in 
adults is most often attributed to environmental factors, but it is likely that a genetic 
component could influence susceptibility or the severity of acquired hearing 
impairment (genetic–environmental interactions) (Smith et al. 2014). Causes of 
hearing loss in adults include otosclerosis, Ménière’s disease (a combination of 
sensorineural hearing loss, vertigo, tinnitus and sensitivity to loud sounds), auto-
immune inner ear disease, ototoxic medications, exposure to high-intensity sounds, 
tumors, head injury and presbycusis (sensorineural hearing loss that occurs gradu-
ally later in life).

5.1.2  Genetic Causes

Elucidation of the genetic causes of deafness provides crucial information for diag-
nosis and for understanding the mechanisms of hearing impairment. It is estimated 
that at least 1 % of all human genes (about 300 genes) are involved in the hearing 
process (Nance 2003; Friedman and Griffith 2003). Mutations in any of these genes 
or in regulatory elements may cause hearing loss. In developed countries, around 
60 % of prelingual hearing loss cases have genetic origins, and the remaining cases 
can be attributed to environmental and unidentified genetic factors (Morton and 
Nance 2006).

Although most forms of hereditary hearing loss are caused by mutations in a 
single gene, in some cases, phenotypic expression requires alterations in two or 
more genes. Mutations in some genes may not cause hearing loss directly; instead, 
they increase the risk of deafness due to environmental factors such as exposure to 
high-intensity sounds or antibiotics. Age-related and noise-induced hearing losses 
are the most frequent examples of complex genetic–environmental interactions 
resulting in hearing loss (Huyghe et al. 2008; Konings et al. 2008).
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5.2  Hereditary Hearing Loss

Approximately 70 % of hereditary hearing loss cases are nonsyndromic, where hearing 
impairment is the only symptom. In the remaining 30 % of cases, deafness is associated 
with other clinical findings and is characterized as syndromic (Hilgert et al. 2009a).

5.2.1  Syndromic Hearing Loss

Over 400 syndromes that include hearing loss have been reported, and at least 40 
genes have been linked to the main types of syndromic hearing loss (Hilgert et al. 
2009a; Van Camp and Smith 2015). The commonest syndromic forms of hearing 
loss include the following syndromes: Usher (associated with retinitis pigmentosa), 
Pendred (related to goiter and inner ear malformations), Waardenburg (involving 
pigmentary abnormalities), Branchio-oto-renal (BOR; branchial, otologic and renal 
manifestations), Jervell and Lange-Nielsen (prolongation of the QT interval is a 
measure of the time between the start of the Q wave and the end of the T wave in the 
heart’s electrical cycle.), Stickler (ocular, auditory, skeletal and orofacial abnormali-
ties) and Alport (related to renal and ocular anomalies).

5.2.1.1  Autosomal Recessive Syndromic Hearing Loss

Usher syndrome Usher syndrome is the most frequent type of autosomal recessive 
syndromic hearing loss (Smith et al. 2014). This syndrome is characterized by sen-
sorineural hearing loss associated with retinitis pigmentosa (progressive retinal 
degeneration that leads to visual loss). Usher syndrome has been classified into 
three main phenotypes. Type I (USH1) presents congenital severe-to-profound sen-
sorineural hearing loss, vestibular dysfunction and onset of retinitis pigmentosa in 
the first decade of life. Type II (USH2) consists of congenital mild-to-severe senso-
rineural hearing loss, normal vestibular function and retinitis pigmentosa beginning 
in the first two decades of life. Finally, type III (USH3) is characterized by postlin-
gual progressive hearing impairment, variable vestibular dysfunction and retinitis 
pigmentosa with a variable age of onset.

To date, ten genes have been reported to cause Usher syndrome. Type I has 
been associated with mutations in six different genes: MYO7A (Usher syndrome 
type 1B, USH1B), USH1C, also known as harmonin or PDZ73 (USH1C), CDH23 
(USH1D), PCDH15 (USH1F), SANS (USH1G) and CIB2 (USH1J) (Smith et al. 
1992; Weil et al. 1995; Bork et al. 2001; Ahmed et al. 2001; Alagramam et al. 
2001; Weil et al. 2003; Riazuddin et al. 2012). For type II, three genes have been 
described: USH2A (USH2A), VLGR1, also known as GPR98 (USH2C) and 
WHRN, also known as DFNB31 (USH2D) (Eudy et al. 1998; Weston et al. 2004; 
Ebermann et al. 2007). Only one gene, CLRN1, has been identified as causing 
type III (Joensuu et al. 2001). Additionally, three other genes have been related 
to Usher syndrome. It was proposed that the PDZD7 gene could contribute to 
digenic inheritance, together with GPR98, and may modify disease severity in 
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USH2A patients (Ebermann et al. 2010). A novel biallelic mutation in the HARS 
gene was identified in two patients and was associated with USH3B (Puffenberger 
et al. 2012). Recently, the CEP250 gene was linked to an atypical Usher syn-
drome (Khateb et al. 2014).

Pendred syndrome Pendred syndrome is the second most common type of autoso-
mal recessive syndromic hearing loss (Smith et al. 2014). Classical features include 
congenital severe-to-profound sensorineural hearing impairment, euthyroid goiter, 
inner ear malformations such as enlarged vestibular aqueduct (EVA) or Mondini 
dysplasia and occasionally vestibular dysfunction (Pendred 1896). Mutations in the 
SLC26A4 gene can be responsible for Pendred syndrome and can cause autosomal 
recessive nonsyndromic hearing loss (ARNSHL) with EVA (DFNB4) (Everett et al. 
1997; Li et al. 1998); see Sect. 5.2.2.1. It has been proposed that digenic inheritance 
involving SLC26A4 and either FOXI1 or KCNJ10 genes may also cause Pendred 
syndrome (Yang et al. 2007, 2009), but studies seem to indicate that this is an 
extremely rare cause (Chen et al. 2012; Cirello et al. 2012; Landa et al. 2013).

Jervell and Lange-Nielsen syndrome Jervell and Lange-Nielsen syndrome is the 
third most common type of autosomal recessive syndromic hearing loss (Smith 
et al. 2014). This syndrome is characterized by congenital hearing impairment, pro-
longation of the QT interval, syncopal episodes due to arrhythmias and high risk of 
sudden death (Jervell and Lange- Nielsen 1957). Mutations in two genes, KCNQ1 
and KCNE1, have been reported in patients with Jervell and Lange-Nielsen syn-
drome (Neyroud et al. 1997; Tyson et al. 1997; Schulze-Bahr et al. 1997).

5.2.1.2  Autosomal Dominant Syndromic Hearing Loss

Waardenburg syndrome Waardenburg syndrome is the most frequent type of auto-
somal dominant syndromic hearing loss (Smith et al. 2014). The syndrome consists of 
congenital sensorineural hearing impairment and pigmentary abnormalities of the 
eyes, skin and hair (Waardenburg 1951). Four clinical types of Waardenburg syndrome 
are recognized. Type I (WS1) and type II (WS2) share some similarities, but WS1 is 
distinguished from WS2 by the presence of dystopia canthorum (lateral displacement 
of the inner canthus of the eye). Type III (WS3) is characterized by dystopia canthorum 
and upper limb malformations, and type IV (WS4) is associated with Hirschsprung 
disease, a digestive disorder related to decreased intestinal motility caused by a lack of 
nerve cells (Read and Newton 1997). Mutations in the PAX3 gene are responsible for 
WS1 and WS3 (Tassabehji et al. 1992; Hoth et al. 1993). The MITF and SNAI2 (also 
known as SLUG) genes are involved in some cases of WS2 (Tassabehji et al. 1994; 
Sánchez-Martín et al. 2002). Mutations in the EDNRB, EDN3 and SOX10 genes are 
associated with WS4 (Attié et al. 1995; Edery et al. 1996; Pingault et al. 1998).

BOR syndrome BOR syndrome is the second most common type of autosomal 
dominant syndromic hearing loss (Smith et al. 2014). It is characterized by bran-
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chial cysts or fistulae; conductive, sensorineural or mixed hearing impairment due 
to malformations of the external, middle and inner ear; and renal anomalies. 
Mutations in the EYA1 gene are found in about 40 % of patients with the syndrome. 
Pathogenic variants in the SIX1 and SIX5 genes are associated with BOR syndrome 
and have been found in 4 and 5 % of cases, respectively (Abdelhak et al. 1997; Ruf 
et al. 2004; Hoskins et al. 2007).

Stickler syndrome Stickler syndrome is a clinically and genetically heterogeneous 
disorder characterized by ocular manifestations (myopia, cataract or retinal detach-
ment), conductive or sensorineural hearing loss, cleft palate, spondyloepiphyseal 
dysplasia (disorder of bone growth that results in short stature and skeletal abnor-
malities) and osteoarthritis (Stickler et al. 1965). Stickler syndrome types I and II 
(STL1 and STL2) are associated with severe myopia and predisposition to retinal 
detachment, while type III (STL3) is a nonocular form. STL1, STL2 and STL3 are 
caused by mutations in the COL2A1, COL11A1 and COL11A2 genes, respectively, 
and are inherited as an autosomal dominant form (Ahmad et al. 1991; Vikkula et al. 
1995; Richards et al. 1996). On the other hand, mutations in the COL9A1, COL9A2 
and COL9A3 genes are inherited as autosomal recessive forms and are associated 
with Stickler syndrome types IV, V and VI (STL4, STL5 and STL6, respectively) 
(Van Camp et al. 2006; Baker et al. 2011; Faletra et al. 2014). STL4 is associated 
with moderate-to- severe sensorineural hearing loss, myopia with vitreoretinopathy, 
cataracts and epiphyseal dysplasia; STL5 features mild-to-moderate hearing loss, 
strong myopia and vitreoretinopathy; and STL6 manifests as moderate-to-severe 
sensorineural hearing loss, moderate-to-high myopia and midface retrusion.

5.2.1.3  X-Linked Syndromic Hearing Loss

Alport syndrome Alport syndrome is characterized by progressive sensorineural 
hearing loss of varying severity, progressive glomerulonephritis resulting in end-
stage renal disease and variable ophthalmologic abnormalities (Alport 1927). This 
syndrome is a hereditary disorder of the basement membranes caused by mutations 
in type IV collagen genes. It consists of a genetically heterogeneous disorder that 
can be inherited in X-linked, autosomal recessive or autosomal dominant modes. 
X-linked inheritance is the most common form, accounting for about 85 % of cases, 
and is related to mutations in the COL4A5 gene. Approximately 15 % of cases are 
autosomal recessive, while autosomal dominant inheritance is rare. Pathogenic 
variants in COL4A3 and COL4A4 genes account for both autosomal recessive and 
dominant patterns (Barker et al. 1990; Mochizuki et al. 1994; Jefferson et al. 1997).

5.2.1.4  Mitochondrial Syndromic Hearing Impairment
Mutations in the mitochondrial DNA have been implicated in a variety of diseases, 
and hearing impairment is an important feature in mitochondrial disorders. Forms 
of mitochondrial syndromic hearing impairment include Kearns–Sayre syndrome 
(KSS – ophthalmoplegia, pigmentary degeneration of the retina and 
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cardiomyopathy), MELAS (mitochondrial myopathy, encephalopathy, lactic acido-
sis and stroke- like episodes), MIDD (maternally inherited diabetes and deafness) 
and MEERF (myoclonic epilepsy with ragged red muscle fibers), among others. A 
specific pathogenic variant, m.3243A > G, in the MT-TL1 gene has been identified in 
2–6 % of individuals with family history of diabetes mellitus in Japan. Additionally, 
this mutation has been detected in about 60 % of cases with diabetes mellitus and 
sensorineural hearing loss (Kadowaki et al. 1994). The same mutation is also the 
most frequent pathogenic variant causing MELAS syndrome (Majamaa et al. 1998).

5.2.2  Nonsyndromic Hearing Impairment

Most hereditary hearing loss cases are nonsyndromic. It is estimated that autosomal 
recessive hearing loss accounts for about 80 % of nonsyndromic cases, while domi-
nant hearing loss occurs in 20 % of cases, and X-linked or mitochondrial inheritance 
cases account for 1–2 % of the total (Hilgert et al. 2009a).

The nomenclature used for the different loci associated with nonsyndromic deaf-
ness is based on the prefix DFN and the inheritance mode, with DFNA, DFNB and 
DFNX indicating autosomal dominant, autosomal recessive and X-linked, respec-
tively, followed by a number indicating the order in which they were identified.

Nonsyndromic hearing loss is genetically extremely heterogeneous, with more 
than 90 genes identified and 150 loci mapped to date (Van Camp and Smith 2015). 
Studies have shown that a single gene may be related to either syndromic or nonsyn-
dromic hearing loss, or even be associated with different patterns of inheritance, 
whether dominant or recessive.

5.2.2.1  Autosomal Recessive Nonsyndromic Hearing Loss
ARNSHL typically presents as prelingual, severe-to-profound, sensorineural and 
nonprogressive, and usually affects all frequencies (Smith et al. 2014). Currently, 
about 85 loci and 60 genes have been related to this mode of inheritance (Van Camp 
and Smith 2015).

Most cases of ARNSHL are caused by mutations in a single gene, GJB2, which 
encodes the gap junction protein connexin 26. Currently, more than 350 mutations 
have been identified. Interestingly, one specific mutation, c.35delG, is most frequent 
in Caucasian populations, accounting for up to 70 % of all GJB2 mutations (Kelsell 
et al. 1997; Gasparini et al. 2000; Snoeckx et al. 2005). Two large deletions in the 
GJB6 gene encoding connexin 30, del(GJB6-D13S1830) and del(GJB6-D13S1854), 
are usually found in compound heterozygosity with a GJB2 coding mutation, and 
cause hearing loss (del Castillo et al. 2002, 2003, 2005). Other deletions involving 
the DFNB1 locus (GJB2 and GJB6 genes) have been described, although they 
appear to be relatively rare (Feldmann et al. 2009; Wilch et al. 2010). Mutations in 
GJB2 and GJB6 genes account for at least 50 % of ARNSHL cases (del Castillo 
et al. 2003; Hilgert et al. 2009b).
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Other genes frequently associated with this mode of inheritance include SLC26A4, 
MYO15A, OTOF, CDH23 and TMC1 (Hilgert et al. 2009b). However, the genetic 
epidemiology is extremely variable among populations, and additional knowledge is 
needed to identify the genes for which mutation screening should be indicated.

SLC26A4 is the second most common gene associated with ARNSHL. Mutations 
in SLC26A4 are responsible for either ARNSHL with EVA (DFNB4) or Pendred 
syndrome (Everett et al. 1997; Li et al. 1998); see Sect. 5.2.1.1. To date, almost 500 
mutations in the SLC26A4 gene have been reported for both nonsyndromic deafness 
DFNB4 and Pendred syndrome (Stenson et al. 2003. Human Gene Mutation 
Database. http://www.hgmd.cf.ac.uk) (see Chap. 11).

MYO15A is a large gene with 66 exons, which encodes an unconventional 
myosin XVa. Mutations in this gene cause severe-to-profound congenital hear-
ing loss (DFNB3) (Wang et al. 1998). Almost 100 mutations have been 
identified.

Mutations in the OTOF gene encoding otoferlin lead to prelingual ARNSHL 
(DFNB9) and auditory neuropathy (Yasunaga et al. 1999). Patients with auditory 
neuropathy exhibit abnormal pure-tone audiometry and auditory results in the 
brainstem response test, which measures the overall auditory pathway, but appear 
normal in the otoacoustic emissions (OAE) test, which detects responses of the 
outer hair cells to environmental sounds (Varga et al. 2003); see Chap. 4 for hearing 
tests. At least 110 mutations have been reported to date. The p.Q829X mutation, 
which is the most frequent OTOF mutation identified in the Spanish population, is 
considered the third most common cause of ARNSHL in this ethnic group (Migliosi 
et al. 2002).

Mutations in the CDH23 gene encoding cadherin 23 are associated with 
moderate- to-profound prelingual ARNSHL (DFNB12) or Usher syndrome type 1D 
(USH1D); see Sect. 5.2.1.1. Genotype–phenotype correlations suggest that mis-
sense or in-frame mutations cause ARNSHL, while nonsense or truncating muta-
tions cause USH1D, although this relationship is not absolute (Bork et al. 2001). 
Approximately 210 mutations in the CDH23 gene have been described for both 
nonsyndromic deafness DFNB12 and USH1D.

Mutations in the TMC1 gene encoding transmembrane channel-like protein 1 are 
a common cause of ARNSHL (DFNB7/11) in North Africa, the Middle East and 
some parts of South Asia. Most of reported cases show a similar phenotype charac-
terized by severe-to-profound prelingual hearing loss. A single founder mutation, 
c.100C > T (p.R34X), is the most frequent recessive mutation for hearing loss in the 
TMC1 gene (Kurima et al. 2002; Ben Saïd et al. 2010).

5.2.2.2  Autosomal Dominant Nonsyndromic Hearing Loss
Autosomal dominant nonsyndromic hearing loss (ADNSHL) is usually postlin-
gual, progressive and sensorineural, although a more variable phenotype is 
observed (Smith et al. 2014). Presently, approximately 60 loci and 30 genes 
have been associated with this mode of inheritance (Van Camp and Smith 2015).
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The commonest genes implicated in ADNSHL are TECTA, WFS1, KCNQ4, 
COCH and GJB2, but none of the genes associated with this mode of inheri-
tance accounts for a significant number of cases (Hilgert et al. 2009b; 
Hildebrand et al. 2011). However, few studies report the contribution of other 
genes involved in ADNSHL, and considerable variability is observed among 
different populations.

Unusual audiometric phenotypes have been related to some ADNSHL genes. 
The audio profile associated with TECTA mutations depends on the alpha-tecto-
rin protein domain and the nature of the residues affected. Genotype–phenotype 
correlations indicate that missense mutations in the zona pellucida domain and 
the N-terminal region result in mid-frequency hearing loss, while missense muta-
tions in the zona adherens lead to high-frequency hearing loss. If cysteine resi-
dues are affected, the loss is progressive, while if other amino acids are altered, 
the loss is stable (Hildebrand et al. 2011). WFS1-related hearing loss is associ-
ated with a low- frequency audio profile (Bespalova et al. 2001; Young et al. 
2001). High-frequency hearing loss can be caused by mutations in the KCNQ4, 
DFNA5, COCH or POU4F3 genes, for example (Van Laer et al. 1998; Robertson 
et al. 1998; Vahava et al. 1998; Kubisch et al. 1999). Dominant mutations in the 
GJB2 gene have mainly been reported in Caucasians and are responsible for 
ADNSHL and syndromic hearing loss associated with skin disorders (Denoyelle 
et al. 1998; Richard et al. 1998).

5.2.2.3  X-Linked Nonsyndromic Hearing Loss
To date, six loci associated with X-linked nonsyndromic hearing loss have been 
mapped and only four causative genes have been identified: DFNX1 (PRPS1 gene 
encoding phosphoribosylpyrophosphate synthetase I), DFNX2 (POU3F4 gene 
encoding POU domain, class 3, transcription factor 4), DFNX3, DFNX4 (SMPX 
gene encoding small muscle protein, X-linked), DFNX5 and DFNX6 (COL4A6 gene 
encoding collagen, type IV, alpha-6) (de Kok et al. 1995; Liu et al. 2010; Huebner 
et al. 2011; Schraders et al. 2011; Rost et al. 2014; Van Camp and Smith 2015). 
X-linked nonsyndromic hearing loss is usually progressive and can be either pre- or 
postlingual. Most forms are sensorineural, with the exception of DFNX2, which is 
characterized by sensorineural hearing loss with or without a conductive component 
resulting from stapes fixation. In contrast to other types of conductive hearing impair-
ment, stapedotomy should not be performed in patients with POU3F4 mutations 
because of the unavoidable complication of perilymphatic fluid gusher (de Kok et al. 
1995) (see Chap. 4).

5.2.2.4  Mitochondrial Nonsyndromic Hearing Loss
Mitochondrial DNA mutations can lead to maternally inherited nonsyndromic hear-
ing loss, mainly caused by mutations in either the MT-RNR1 or MT-TS1 genes, 
which encode for the 12S ribosomal RNA and the transfer RNASer(UCN), respectively 
(Prezant et al. 1993; Reid et al. 1994). Wide ranges of severity, age of onset of hear-
ing loss and penetrance are observed in individuals with pathogenic mitochondrial 
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DNA variants, suggesting that modifier factors can modulate the phenotypic mani-
festation (Kokotas et al. 2007).

Of particular note, the m.1555A > G mutation in the MT-RNR1 gene is a fre-
quent cause of maternally inherited nonsyndromic hearing loss, and can be asso-
ciated with susceptibility to aminoglycoside ototoxicity or late-onset sensorineural 
hearing loss (Prezant et al. 1993). Mutations in the MT-TS1 gene are responsible 
for either nonsyndromic or syndromic hearing loss (Reid et al. 1994; Nakamura 
et al. 1995).

5.3  Molecular Genetic Testing

The etiologic diagnosis of hereditary hearing loss requires a variety of tests per-
formed by qualified professionals. These include clinical assessment (family history 
evaluation, physical examination, otologic and audiologic evaluation) and molecu-
lar genetic testing. When environmental factors are not identified or if the cause of 
hearing loss is not discovered after completion of the clinical investigation, genetic 
evaluation of the individual should be requested in order to discover the region, 
gene or variant responsible for the phenotype.

With the advances made in the field of molecular diagnostics, many technologies 
and platforms are available for the screening of hearing loss for purposes including 
the identification of major changes in the population or the discovery of new vari-
ants and genes associated with hearing loss.

5.3.1  Newborn Hearing Screening

During the last decades, universal newborn hearing screening programs have been 
implemented in several countries around the world, aiming to reduce the age of 
detection and treatment of infants with hearing loss (see also Chap. 4). The Joint 
Committee on Infant Hearing (2007) recommends that all infants should have 
access to hearing screening using a physiological test at no later than 1 month of 
age. All infants who do not pass the initial hearing screening and a subsequent 
rescreening should have appropriate audiological and medical evaluations to con-
firm the presence of hearing loss, at no later than 3 months of age. Some programs 
incorporate screening protocols that may include genetic tests. Genetic screening 
plays an important role in identifying newborns with hearing loss that is too mild to 
be detected in current screening programs. It can help to identify children who were 
born with normal hearing but might develop progressive hearing loss, as well as 
contribute to the diagnosis of syndromic hearing loss before the onset of other clini-
cal symptoms. Early identification and intervention can maximize opportunities for 
better language and speech development, improving the acquisition of motor, cog-
nitive and social skills (Joint Committee on Infant Hearing 2007; Hilgert et al. 
2009b; Nivoloni Kde et al. 2010).
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5.3.2  Conventional and New Molecular Tools

The identification of genetic variants associated with deafness has made a crucial 
contribution to understanding the molecular basis, physiology and pathophysiology 
of the auditory system. The development of Sanger sequencing (Sanger et al. 1977), 
followed by implementation of the polymerase chain reaction (PCR), marked a 
great revolution in molecular genetics and formed the basis for the Human Genome 
Project, completed in 2001 (International Human Genome Sequencing Consortium 
et al. 2001).

Over the years, linkage analysis or homozygosity mapping followed by candi-
date gene sequencing has been used as the most effective methods for the identifica-
tion of genetic loci and new genes. However, these traditional methods have been 
successfully applied for autosomal recessive disorders and particularly in the case 
of consanguineous pedigrees with multiple affected individuals (Lander and 
Botstein 1987). The limitations of linkage methods, the long time required and the 
high costs of gene identification left many cases unsolved, and such methods have 
been replaced by new genomic technologies.

Conventional technologies for genetic deafness testing are highly accurate and 
sensitive, but are extremely slow in terms of throughput, and despite great genetic 
heterogeneity, only a minority of deafness genes is currently investigated in routine 
genetic diagnostics. The genes commonly included corresponded to those most fre-
quently implicated in hearing loss, associated with other recognizable features or 
related to recognizable audio profiles.

Many studies have suggested different cost-effective protocols, especially for 
congenital hearing loss, aiming to optimize the diagnosis of hearing loss (Mafong 
et al. 2002; Preciado et al. 2005; Morzaria et al. 2005; Ramos et al. 2013). As 
observed in numerous other heterogeneous disorders, the prevalence and frequen-
cies of mutations are associated with ethnic background, and this should be taken 
into account in deciding which type of assay is most appropriate for a patient.

The genes most frequently implicated in ARNSHL are GJB2, SLC26A4, 
MYO15A, OTOF, CDH23 and TMC1 (Hilgert et al. 2009b), with the GJB2 muta-
tions being the most frequent cause of ARNSHL in most populations worldwide 
(see Sect. 5.2.2.1). Therefore, GJB2 gene analysis should be the first step in the 
search for mutations associated with nonsyndromic sensorineural hearing loss. The 
GJB2 c.35delG, c.167delT and c.235delC mutations are the most frequent in 
Caucasian, Ashkenazi Jew and Asian populations, respectively. The c.35delG muta-
tion accounts for 28–63 % of the mutant alleles in Caucasians (Gasparini et al. 
2000). The mutations in this gene can be identified using a variety of single-gene 
screening techniques, including PCR followed by restriction digestion, allele-spe-
cific PCR and real-time PCR. These methods are rapid, inexpensive, highly sensi-
tive and specific, but are limited by the fact that only a small number of point 
mutations are investigated (Schrijver 2004). Direct sequencing, which is the most 
comprehensive and definitive method, should be used to confirm the presence of the 
most frequent point mutations, as well as to screen for other less frequent 
mutations.
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In addition, two large deletions in the GJB6 gene, del(GJB6-D13S1830) and 
del(GJB6-D13S1854), have been found associated with GJB2 gene point muta-
tions, reflecting a digenic heterozygosity condition (del Castillo et al. 2002, 2003, 
2005). Therefore, GJB6 gene deletions should be investigated in individuals show-
ing no mutation or only a single GJB2 gene mutation (Schrijver 2004). Other dele-
tions involving the GJB6 gene have been described in the DFNB1 locus, although 
they appear to be relatively rare (Feldmann et al. 2009; Wilch et al. 2010). These 
large deletions can be investigated using multiplex PCR approaches, since direct 
DNA sequencing is not suitable for detecting deletions of entire genes or exons.

Mutations in the SLC26A4 gene are the second most common cause of 
ARNSHL. Molecular genetic screening of the SLC26A4 gene should therefore be 
performed, especially when the hearing loss is accompanied by an EVA, Mondini 
dysplasia or goiter.

Since OTOF gene mutations have been suggested as the major cause of auditory 
neuropathy, the investigation of mutations in this gene should be considered when 
OAE are present in the absence of auditory brainstem responses. Mutations in the 
PJVK gene encoding pejvakin (DFNB59) have also been reported to cause auditory 
neuropathy in a few families (Delmaghani et al. 2006), and the screening of this 
gene should be considered in patients negative for OTOF mutations.

None of the genes related to ADNSHL (Sect. 5.2.2.2) accounts for a significant 
number of cases, which means that genetic analysis is not cost-effective. 
Nevertheless, some ADNSHL genes are associated with unusual audiometric phe-
notypes, and these recognizable audio profiles can be useful in developing strategies 
for molecular genetic testing. For example, the WFS1 and DIAPH1 (Lynch et al. 
1997) genes are associated with low-frequency hearing loss, while the CCDC50 
gene (Modamio-Hoybjor et al. 2007) is responsible for low-to-mid-frequency hear-
ing loss, and the TECTA gene is related to hearing impairment at mid or high fre-
quencies. In the case of autosomal dominant auditory neuropathy, the DIAPH3 gene 
(Kim et al. 2004) should be tested for mutations, and in the presence of progressive 
late-onset hearing loss combined with vestibular abnormalities, mutations in the 
COCH gene may be involved. Dominant mutations in the GJB2 gene should be 
considered if hearing loss is associated with skin disorders.

When an X-linked pattern of inheritance is observed (Sect. 5.2.2.3), with a phe-
notype of mixed deafness associated with bony labyrinth defects (stapes fixation), 
mutations in the POU3F4 gene may be suspected, especially when perilymphatic 
gusher occurs during stapes surgery (de Kok et al. 1995).

In the case of maternal inheritance and in the presence of aminoglycoside- 
induced hearing loss, mitochondrial mutations should be investigated. In particular, 
screening should include the m.1555A > G mutation in the MT-RNR1 gene 
(Sect. 5.2.2.4), which is a common cause of maternally inherited nonsyndromic 
hearing loss and is also associated with aminoglycoside ototoxicity and hearing loss 
susceptibility. Early identification of patients with hearing loss due to mitochondrial 
DNA mutations can not only influence genetic counseling regarding maternal inher-
itance, but also enable avoidance of known risk factors. Mutation screening is espe-
cially important in countries where aminoglycosides are widely used. Specific point 
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mutations can be investigated by restriction fragment length polymorphism PCR 
(RFLP-PCR) method, or a more comprehensive analysis can be performed by direct 
sequencing of mitochondrial genes.

It is estimated that approximately 300 genes could be involved in both syndromic 
and nonsyndromic hearing losses (Nance 2003; Friedman and Griffith 2003), making 
the molecular diagnosis of deafness highly challenging. The limitations of conven-
tional methodologies, mainly due to the large size of several genes and the high cost 
of direct sequencing, make it impracticable to screen for mutations in all the deafness 
genes.

To overcome this problem, several research groups and companies have devel-
oped high-throughput technologies for large-scale screening that are affordable 
enough to be used in routine molecular screening for hearing loss.

These approaches have been successfully used to identify single-nucleotide 
polymorphisms (SNPs) in candidate genes and/or a larger number of known muta-
tions. Single-nucleotide extension microarrays detect a mutation by hybridizing 
specifically designed primers to DNA sample, followed by single-nucleotide exten-
sion at the site of the mutation. The Hereditary Hearing Loss Arrayed Primer 
Extension (HHL APEX) diagnostic test was the first to employ this method for 
hearing loss and included 198 mutations across eight genes (GJB2, GJB6, GJB3, 
GJA1, SLC26A4, SLC26A5, MT-RNR1 and MT-TS1) in a single test (Rodriguez- 
Paris et al. 2010).

The TaqMan® OpenArrayTM Genotyping System (Applied Biosystems, USA) is 
a high-throughput technology, based on real-time PCR, which enables the simulta-
neous analysis of up to 3,072 SNVs, small deletions and insertions using a single 
genotyping plate. This platform also allows 2,688 gene expression assays to be per-
formed per plate. Both genotyping and gene expression platforms must follow a 
default layout test offered by the company (TaqMan® OpenArrayTM Genotyping 
System User Guide 2011, Applied Biosystems). A limitation of the technology is 
that, once the layout is customized, it is not possible to change the variants included 
in the layout, because the tests are preloaded in the chip (Martins et al. 2013).

Another genotyping method available is the Sequenom MassARRAY® iPLEX 
Platform (Sequenom Inc, San Diego, USA). The assay consists of an initial locus- 
specific PCR reaction (called iPLEX-Gold), followed by single base extension 
using mass-modified dideoxynucleotide terminators of an oligonucleotide primer 
that anneals immediately upstream of the polymorphic site of interest. Using matrix- 
assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrome-
try, the distinct mass of the extended primer identifies normal and mutated alleles. 
This platform offers an inexpensive means of performing extensive screening. It is 
simple to use and allows flexibility in experimental design, because it is possible to 
replace the primers and generate a new customized panel (Svidnicki et al. 2015).

However, use of these technologies requires previous standardization, and it is 
necessary to validate the results by direct sequencing (a gold standard technique). 
Moreover, these techniques are only applied to identify known mutations and are 
unable to assess duplications or deletions of entire genes.
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Chromosomal imbalances such as aneuploidies, microdeletion/microduplication 
syndromes, unbalanced chromosomal rearrangements and copy-number variants 
(CNVs) can be identified by array-based comparative genomic hybridization (array- 
CGH). This molecular cytogenetic method is able to evaluate areas of the human 
genome for gains or losses of chromosome segments at a higher resolution com-
pared to traditional karyotyping (Walsh et al. 2010). However, a few unsolved deaf-
ness cases have been investigated using array-CGH; consequently, the proportion of 
deafness caused by large duplications or deletions remains unknown (Brownstein 
et al. 2012).

Sequencing is undoubtedly the most comprehensive and definitive method for 
molecular investigation of genetic disorders. Next-Generation Sequencing (NGS) is 
a powerful technology available for use in molecular diagnostics. For example, it is 
possible to screen a large number of genes simultaneously, the whole exome or even 
the whole genome, using different NGS methodologies (Ng et al. 2010; Lupski 
et al. 2010).

However, these technologies generate massive quantities of data that require 
intensive bioinformatics analysis as well as validation of mutations by Sanger 
sequencing of specific regions (Brownstein et al. 2014). Data management and 
interpretation is especially complex for Whole-Exome Sequencing (WES) or 
Whole- Genome Sequencing (WGS). The use of targeted NGS technologies for the 
genetic screening of a subset of genes associated with hearing loss can be more 
efficient in terms of time and cost, and can therefore offer an alternative to WES or 
WGS. This strategy enables the analysis of a greater number of samples and reduces 
the complexity of bioinformatics analysis and data interpretation, because only the 
genes selected for screening are sequenced.

Several research groups have developed multi-gene screening panels using NGS 
technologies. However, these panels differ in terms of the techniques used and the 
numbers of mutations and genes investigated. In some cases, the genes targeted are 
already known to be associated with hearing loss, while in other studies, sequencing 
includes genes implicated in syndromic and nonsyndromic deafness, as well as can-
didate regions and orthologous genes related to hearing function (in mice) (Shearer 
et al. 2010; Brownstein et al. 2011, 2014; Yang et al. 2013; Shearer et al. 2014; 
Vozzi et al. 2014; Shearer and Smith 2015).

Currently, these approaches remain expensive and are mainly limited to research 
use, but their clinical availability is gradually increasing. Commercial targeted 
NGS-based gene panels, such as OtoSCOPE, Otogenetics and OtoGenome, enable 
the efficient and inexpensive detection of variants in human genes known to be 
associated with hearing loss.

OtoSCOPE (Otologic Sequence Capture Of Pathogenic Exons), first described 
by Shearer et al. (2010), was a pioneer in panels based on NGS, providing a simul-
taneous test for 54 known deafness genes, covering 0.02 % of the whole genome or 
1 % of the whole exome, at a relatively low cost. This platform, currently being 
offered as a molecular screening service, is based on Targeted Genome Capture 
(TGC) associated with Massive Parallel Sequencing (MPS). The sixth version of the 
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platform is now commercially available, providing 99 % specificity and including 
116 genes known to cause NSHL, Pendred syndrome and Usher syndrome, as well 
as genes associated with hearing loss-related phenotypes (Shearer et al. 2010; 
Shearer et al. 2014).

The Otogenetics Deafness Gene Panel offered by Otogenetics Corporation 
(Norcross, USA) allows the screening of 129 genes known to cause both nonsyn-
dromic and syndromic hearing losses. The analysis is performed by NGS using 
custom oligonucleotide-based target capture followed by Illumina HiSeq 
sequencing of the coding regions of the panel genes, with more than 100-fold 
coverage at every target base, providing a comprehensive hearing loss 
evaluation.

Another clinical test, including 87 genes and taking about 8–12 weeks, is the 
OtoGenome Test for Hearing Loss and Related Syndromes, developed and offered 
by Partners Healthcare (Boston, USA). The OtoGenome Test uses the SureSelect 
platform (Agilent, Santa Clara, USA) with Illumina sequencing to screen genes 
related to hearing loss and syndromes that present deafness as one of the clinical 
manifestations, such as the Usher, Pendred, Jervell and Lange-Nielsen, BOR, 
Deafness and Male Infertility (DIS), Perrault and Waardenburg syndromes. The 
company also offers specific subpanels for individuals with confirmed diagnosis or 
clinical suspicion of these syndromes, hence reducing the time required for screen-
ing and analysis.

It is important to highlight that NGS technologies are not only applicable to 
molecular diagnostics, but also enable the identification of new genes and better 
characterization of the known disease-associated genes.

The diagram presented in Fig. 5.1 illustrates a suggested strategy for choosing 
appropriate tests, aiming to maximize the probability of finding the genetic etiology 
of hearing loss in a time and cost-effective manner.

5.4  Conclusions and Perspectives

Over the last decades, genetic studies of hearing loss have provided important infor-
mation regarding the molecular basis, development and function of the auditory 
system. Recent technological advances have helped clarify the molecular diagnosis 
of hearing loss in many cases. However, even with all this progress, new limitations 
have appeared, since genomic interactions are still not completely known. The elu-
cidation of the complex network of genes involved in the auditory system and char-
acterization of their respective proteins is crucial and can provide new insights into 
the biological mechanisms implicated in the pathophysiology of hearing loss. This 
information will be fundamental for the development of a translational medicine 
which converts molecular knowledge into clinical applications (bench to bedside) 
involving effective therapeutic strategies, rehabilitation, and consequently contrib-
uting for the well-being of patients.
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Abstract
Thyroid hormones have a widespread effect on human metabolism. Their bio-
chemical peculiarity is the need of iodine for their synthesis. Any lack of thy-
roid hormones is called hypothyroidism, the diagnosis of which can easily be 
established by testing a patient’s serum. However, many different forms of 
hypothyroidism can be distinguished. Some of them occur already at birth, are 
usually caused by genetic defects like those encountered in Pendred syndrome 
and are called congenital forms of hypothyroidism. Others are acquired during 
lifetime and are usually caused by either iodine deficiency or several different 
types of thyroiditis. Also, some very distinct drugs can cause hypothyroidism. 
Another differentiation is to distinguish primary forms and central forms of 
hypothyroidism. The term primary refers to a lack of thyroid hormones due to 
an impaired production of hormones at the thyroid gland itself, whereas in 
central forms hypothalamic or pituitary disturbances lead to an absence of thy-
roid stimulation.

6.1  The Thyroid: Anatomy, Embryology and Histology

In Greek, the word thyroid means shield and describes the shape of the organ. The 
thyroid is an endocrine gland that consists of two lobes that are connected by an 
isthmus. It is located in the neck anterior to the trachea and between the jugular 
notch and cricoid cartilage of the larynx.
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Located dorsally to each lobe, the recurrent laryngeal nerves are in close proxim-
ity to the thyroid. Further, the parathyroid glands can be found dorsal to the thyroid 
and are of special interest during surgical removal of the thyroid (Miller 2003).

The gland is highly vascularized by four main arteries derived from the external 
carotid artery and subclavian artery. In 10 % of persons, an additional artery can be 
found that is derived from the aortic arch.

Lymphatic drainage from the upper and mid parts of the gland flows to the lateral 
cervical lymph nodes, and drainage from the caudal parts flows usually to the pre- 
and paratracheal lymph nodes.

The size of the gland varies significantly in adults, and it is common to describe 
it in milliliters. A thyroid that is greater than 18 mL in women or greater than 
25 mL in men is considered enlarged. However, there is no generally defined 
lower size limit.

In up to 55 % of persons, ectopic thyroid tissue can be found located median at 
the neck. These additional thyroid lobules may or may not be connected to either the 
isthmus or the cranial parts of the main lobes. This accessory part of the thyroid is 
usually called the pyramidal lobe. The appearance of ectopic thyroid tissue can be 
explained by the development of the organ. Progenitor cells derive from the floor of 
the primitive pharynx just behind the tongue and migrate along the thyroglossal 
duct in a caudal direction in the neck (Braun et al. 2007).

Histologically, the highly irregular-shaped lobules of the thyroid gland consist of 
spherical follicles. The lumen of a follicle is filled with an amorphic substance 
called colloid. It mainly consists of a protein called thyroglobulin (Tg). Colloid 
serves as a reservoir for substances needed to produce thyroid hormones and for the 
thyroid hormones themselves being attached to Tg. Each follicle is bordered by a 
single layer of thyroid epithelial cells which produce colloid, as well as thyroid 
hormones.

Parafollicular cells can be found scattered between both the follicular cells and 
follicles. They are derived from the neural crest, and their progenitor cells join thy-
roid progenitors. The parafollicular or C cells produce the hormone calcitonin. This 
hormone plays a minor role in calcium-homeostasis and will not be further dis-
cussed in this chapter.

Each follicle is surrounded by connective tissue fibers and a vast network of 
fenestrated capillaries.

6.2  Thyroid Hormone Synthesis

The thyroid hormones, triiodothyronine (T3) and thyroxine (T4), are produced 
through an ether linkage between two iodinated tyrosine molecule residues. The 
thyroid follicular cells produce Tg, which contains numerous tyrosine molecules, 
and transport Tg into the follicular lumen. Atomic iodine (I0) reacts with the tyro-
sine residues within Tg forming mono- and di-iodinated tyrosine. T4 involves the 
coupling of two di-iodinated tyrosine remnants within the Tg molecule. This leads 
to a molecule bearing four iodine atoms, for which the name T4 is derived. By 
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linking a mono-iodinated remnant with a di-iodinated remnant, the result is either 
active T3 hormone or inactive reverse (r)T3. The difference is in the position of the 
missing iodine atom, as compared with T4.

The hormones are stored in the follicular lumen and are bound to processed Tg.
To liberate them, Tg is absorbed into the follicular cells via pinocytosis, and then, 

the large protein is partially disintegrated via proteolysis in the lysosomes. As lipo-
philic molecules, thyroid hormones are thought to diffuse passively through the 
basolateral cell membrane of thyrocytes. However, in recent years, it has been dem-
onstrated that several transport proteins exist in different target tissues for thyroid 
hormones, as well as in the thyroid gland. These transporters seem to control cel-
lular influx and efflux of thyroid hormones in the body. The major candidate trans-
porters for follicular cells are monocarboxylate transporter (MCT) 8 and 10 (Brix 
et al. 2011).

As iodine is a crucial substance in thyroid hormone production (Fig. 6.1), thyroid 
follicle cells are highly capable of extracting iodide ions (I−) out of blood via an 
active transport protein, the Na+/I− symporter (NIS/SLC5A5). I− molecules diffuse 
through the intracellular space to the apical membrane, where they are transported 
via pendrin into the follicular lumen. Pendrin or SLC26A4 is a sodium-independent 
anion exchanger. However, doubts have arisen regarding iodide transport in recent 
studies. Although SLC26A4 definitely is capable of transporting iodide, it is unclear 
whether this exchanger transports I− in physiological conditions or acts only as an 
assistant in the transport mechanism, in combination with other channel proteins 
(Bizhanova and Kopp 2009; Twyffels et al. 2011). For a detailed discussion of the 
role of pendrin in the thyroid, see Chap. 7.

Fig. 6.1 A graphic of a 
follicular cell and thyroid 
hormone production
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In the follicular lumen, I− is oxidized with hydrogen peroxide via thyroid peroxidase 
(TPO) to atomic iodine or iodinium (I+) that reacts with the tyrosine molecules of Tg.

6.3  Thyroid Hormone Metabolism

Thyroid hormone production and secretion is mostly regulated through thyroid- 
stimulating hormone (TSH). To a lesser degree, other growth factors such as IGF-1, 
EGF, TGF-beta, endothelins and various other cytokines also influence and modu-
late hormone production and release.

The thyroid hormone T4 is secreted in amounts approximately 20-fold greater 
than those of T3. Both hormones are lipophilic substances and are bound to plasma 
proteins in blood, such as albumin, thyroxine-binding globulin (TBG) and trans-
thyretin. Those transport proteins increase the total amount of circulating hormones 
through a pooling effect. The transport proteins also delay thyroid hormone degra-
dation and are thought to modulate the hormone transport to certain tissues.

Small amounts of unbound or so-called free hormones are thought to be biologi-
cally active (approximately 0.02 % of total T4 and 0.3 % of total T3). Those free 
proportions of the thyroid hormones (fT4 and fT3) are measured along with the 
TSH level to assess thyroid function (Dietrich et al. 2008).

T3 is a more potent hormone than T4, as the affinity of T3 to the thyroid hormone 
receptor exceeds that of T4. However, T4 has a much longer half-life than T3 and 
can therefore be seen as a precursor of T3 and as a type of storage form. The half- 
life of T4 is approximately 7 days, while the half-life of T3 is approximately 18 h.

T3 is produced either directly from Tg in the thyroid or, more commonly, by 
deiodination of T4 by deiodinases. These enzymes are capable of removing one 
iodine molecule from T4. There are several types of deiodinases. Type I is found in 
the thyroid, liver and kidneys. It has a slight affinity for T4 and is thought to act as 
a basal producer of active T3 for the whole body.

Type II deiodinase is found in the thyroid, pituitary gland, brain, heart, skeletal 
muscles and brown fat tissue. Type II deiodinase converts T4 into T3 in local tissues 
that are most dependent on thyroid hormones. The expression of type II allows for 
regulation of the local amount of active T3 in those dependent tissues.

Finally, type III deiodinase is the main actor in the inactivation of T3 and T4 and 
helps decarboxylases in the degradation of these hormones. After further deiodin-
ation, the products are called T2, T1 and T0, reflecting the number of remaining 
iodine atoms (Schweizer and Steegborn 2015).

After decarboxylation of either active T4 or T3 hormones or an already further 
deiodinated metabolite, the resulting molecules are called thyronamines. 
Thyronamines can activate a class of G protein–coupled receptors called trace 
amine–associated receptors or TAARs. They seem to partially antagonize some thy-
roid hormone effects (Brix et al. 2011).

Thyroid hormones enter target cells through active transport, mostly by mono-
carboxylate 8 transporters (MCT8/SLC16A2). The hormones mainly modulate 
gene transcription by binding to nuclear thyroid hormone receptors. By activating 
these receptors, they form either homodimers with each other or, more commonly, 
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they form heterodimers with retinoic acid X receptors and bind to thyroid response 
elements at the DNA level. As a result, gene transcription in the target cells is modi-
fied. To a minor degree, thyroid hormones are able to stimulate responses directly 
acting on the plasma membrane, and they seem to modify the action of mitochon-
drial enzymes in target cells (Brix et al. 2011).

Thyroid hormones play a role in cell differentiation during the growth and develop-
ment of a variety of tissues during embryonal and fetal development, as well as through-
out life. In adults, they serve to maintain homeostasis of the metabolic rate of target 
tissues and affect protein, carbohydrate and fat metabolism in most parts of the body. 
They boost the sensitivity of the body to catecholamines and modulate the cardiovascu-
lar system. They also stimulate the body to produce heat (Klein and Danzi 2016).

6.4  Definition of Abnormal Thyroid Function

If free thyroid hormone levels decrease below a certain set point at the hypothalamus, 
the production of thyrotropin-releasing hormone (TRH) stimulates TSH formation 
and secretion from the pituitary gland. Then, TSH stimulates the formation and libera-
tion of T4 and T3 in and out of the thyroid. TSH production and secretion is not only 
controlled by TRH exclusively, but also influenced by thyroid hormones as a form of 
feedback loop from the thyroid. TRH secretion itself is not only stimulated or sup-
pressed by thyroid hormone levels, but also modified by several other stimuli, e.g., 
low body temperature. Recent studies suggest that there are several feedforward and 
feedback loops between the thyroid and the hypothalamus and pituitary gland. These 
regulatory loops are further tuned by other hormones as well as neurotransmitters. 
This complex regulatory system enables the body to respond dynamically to a great 
variability of environmental influences (Hoermann et al. 2015).

The hypothalamic set point, which defines the normal range of thyroid hormones 
within the blood stream, slightly differs from the need of the body for thyroid hor-
mones. A little drop of serum hormones below the hypothalamic set point stimulates 
TRH and TSH production. The effect is an elevated TSH that can already be mea-
sured, although the free proportions of serum thyroid hormones are still within the 
normal range, according to laboratory references. The patient, at this state, normally 
does not demonstrate any sign or symptom of a lack of thyroid hormones. This state 
is then called subclinical hypothyroidism (elevated TSH, normal fT4/fT3; Table 6.1). 
If the free hormones further decrease below normal amounts, then the 
hypothyroidism becomes “overt” (elevated TSH, reduced fT4/fT3; Table 6.1). The 

Table 6.1 Overview of primary thyroid dysfunction

fT3 and fT4 level TSH level

Euthyreosis (normal thyroid function) Normal Normal

Subclinical primary hypothyroidism Normal Elevated

Overt primary hypothyroidism Decreased Elevated

Subclinical primary hyperthyroidism Normal Decreased

Overt primary hyperthyroidism Elevated Decreased
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higher TSH levels and the lower fT4 and fT3 levels are, the more likely the patient 
will demonstrate signs and symptoms of hypothyroidism.

However, if thyroid hormones increase above certain levels, TSH drops below 
normal, and a subclinically hyperthyroid state is defined (reduced TSH, normal fT4/
fT3; Table 6.1). Finally, if fT4 and fT3 concentrations exceed the upper limits of the 
reference range, the hyperthyroidism can also become “overt” (suppressed TSH, 
elevated fT4/fT3; Table 6.1).

As the signs and symptoms of hypothyroidism and hyperthyroidism lack sensitivity 
and specificity, serum testing for TSH is strongly recommended whenever the slightest 
suspicion of thyroid dysfunction exists (Gaitonde et al. 2012; Indra et al. 2004).

6.5  Primary and Secondary Causes of Hypothyroidism

If the absence of thyroid hormones is caused by a disease of the thyroid gland itself 
or a thyroid dysfunction, it is considered primary hypothyroidism (PH). Further, if 
a malfunction in hormone transport or the hormone receptor system leads to the 
absence of thyroid hormone effects, this clinical state is referred to as PH as well but 
can also be called peripheral hypothyroidism.

If the thyroid has no structural damage but does not produce adequate hormone 
amounts because of decreased TSH stimulation, it is considered secondary hypothy-
roidism. Furthermore, tertiary hypothyroidism would exist if TRH secretion does 
not properly stimulate TSH production. As secondary and tertiary functional 
changes cannot easily and clearly be differentiated in every patient, they are usually 
referred to as central hypothyroidism (CH).

CH is about 1,000 times rarer than PH and is often combined with other hypotha-
lamic and pituitary hormone disturbances. In Europe, the general prevalence of 
hypothyroidism is estimated to be 3.05 %, with an incidence rate of 226.2 per 
100,000 per year. However, the prevalence of undiagnosed (and commonly sub-
clinical) hypothyroidism is 4.94 % (Garmendia Madariaga et al. 2014). The differ-
ent causes of hypothyroidism are presented in Table 6.2 (Khandelwal and Tandon 
2012; Biondi and Wartofsky 2014).

6.6  Congenital Primary Hypothyroidism

If a thyroid hormone deficiency is present at birth, it is referred to as congenital 
hypothyroidism (Table 6.3). One can distinguish whether a disruption in the thyroid 
axis is caused by a “central” pathology in the hypothalamus or pituitary gland or 
whether the problem is with the thyroid.

From a pathophysiologic viewpoint, primary forms of congenital hypothyroid-
ism can be related to a lack of thyroid tissue or dysfunctional hormone control and 
biosynthesis; misguided hormone biodistribution secondary to transport protein 
pathologies; and a loss of thyroid hormone receptor function. The latter two are also 
called peripheral hypothyroidism to indicate that the pathogenic mechanism does 
not reside within the thyroid gland itself.
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Table 6.2 Overview of different causes of hypothyroidism

Primary hypothyroidism Central hypothyroidism

Congenital Absent or malfunctioning 
gland; defects in thyroid 
hormone biosynthesis; 
TSH-receptor 
dysfunctions

Congenital TRH and TSH defects; 
developmental disruption at 
the hypothalamus or pituitary 
gland level or combination of 
both

Functional defects in 
thyroid hormone 
biodistribution, receptor 
defects or increased 
degradation

Loss of 
pituitary tissue

Invasive or compressive 
lesions, e.g., 
macroadenomas, 
craniopharyngiomas, 
Rathke’s cleft cyst, 
metastasis, empty sella, 
carotid aneurysms, 
meningiomas, gliomas, etc.

Lack of iodine Iodine deficiency and 
iodine excess

Infiltrative lesions, e.g., 
hemochromatosis, 
sarcoidosis and histiocytosis 
X

Loss of thyroid 
tissue

Thyroiditis, e.g., 
autoimmune thyroiditis 
(Hashimoto’s thyroiditis), 
silent and postpartum 
thyroiditis, cytokine- 
induced thyroiditis, 
invasive fibrous 
thyroiditis (Riedel’s 
thyroiditis), subacute 
thyroiditis (De Quervain 
thyroiditis) and acute 
infectious thyroiditis

Iatrogenic destruction of the 
pituitary gland secondary to 
surgery or radiation

Surgical removal of 
thyroid parts or the whole 
thyroid

Injuries, e.g., head trauma

Radioiodine ablation; 
inadvertent exposure to 
I-131

Vascular incidents, e.g., 
pituitary apoplexy, 
subarachnoid hemorrhage, 
postpartum necrosis and 
severe shock

External neck irradiation 
therapy or radiation 
release from nuclear 
accidents

Autoimmune disease, e.g., 
lymphocytic hypophysitis 
and polyglandular 
autoimmune disease

Infiltration or destruction 
of the thyroid by other 
(systemic) diseases, e.g., 
amyloidosis, sarcoidosis, 
lymphoma, 
hemochromatosis, 
systemic sclerosis, 
cystinosis and AIDS

Infections, e.g., tuberculosis, 
mycosis, syphilis, abscesses 
and toxoplasmosis

(continued)
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Table 6.2 (continued)

Primary hypothyroidism Central hypothyroidism

Drugs Antithyroid drugs 
inhibiting the thyroid 
hormone biosynthesis

Drugs Bexarotene-, ipilimumab- 
and tremelimumab-induced 
hypophysitis

Drugs interacting with 
iodine accumulation 
(sodium/potassium 
perchlorate, amiodarone 
and iodine-containing 
contrast media)

Set point 
disease

Infants born to mothers with 
poorly controlled 
hyperthyroidism

Inadequate thyroid 
hormone replacement 
therapy

Idiopathic No definite cause can be 
detected

Others with variable 
effects such as lithium, 
cytokines, tyrosine kinase 
inhibitors, sulfonamides, 
thalidomide, ethionamide, 
4-amino-salicyclic acid, 
amino-glutethimide, 
nivolumab, etc.

Table 6.3 Overview of causes of congenital hypothyroidism

Primary congenital 
hypothyroidism

Thyroid dysgenesis: developmental anomaly of the organ like thyroid 
ectopia (wrong location of the organ), athyreosis (complete absence of 
thyroid tissue) or hypoplasia (thyroid too small to meet the needs of the 
body). In 98 % of cases, the cause is unknown or undetectable. In 2 %, 
mutations of genes such as TTF2 or PAX8 can be detected

Thyroid dyshormonogenesis: the thyroid is present, but hormone 
production is impaired; associated with NIS gene mutations, TPO 
defects, pendrin defects, Tg defects and deiodinase defects

TSH signaling problems: TSH-receptor defect; mutations in G proteins 
(the TSH signal cannot be transduced within the follicular cells)

Peripheral 
congenital 
hypothyroidism

Abnormalities in thyroid hormone transport mechanisms because of 
transthyretin, TBG or monocarboxylate transporter 8 (MCT8/
SLC16A2) mutations

Mutations leading to a loss of function or loss of number of the thyroid 
hormone receptors

Increased thyroid hormone degradation by deiodinases

Central congenital 
hypothyroidism

TRH: defects in production and release; receptor mutations

TSH: defects in production and release

Impaired pituitary development; commonly a combination of several 
endocrine dysfunctions, e.g., septo-optic dysplasia

Potentially transient 
congenital 
hypothyroidism

Maternal and neonatal iodine deficiency or excess

Maternal intake of antithyroid drugs that are passed through the 
placenta or breast milk

Transplacental passage of antibodies blocking the TSH receptor

Overexpression of deiodinase in a hemangioma or 
hemangioendothelioma
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Thyroid dysfunction can be either isolated or combined with other pathologies in 
different syndromes.

From a clinical viewpoint, one can distinguish between non-goitrous forms of 
congenital hypothyroidism and goitrous forms. The non-goitrous forms account for 
approximately 85 %, while the goitrous forms occur in approximately 15 % of con-
genital hypothyroidism (Abduljabbar and Afifi 2012).

If the hypothyroidism is related to a lack of thyroid tissue or if no proper TSH 
stimulation exists, a non-goitrous form develops. If a problem with the biosynthesis, 
biodistribution or thyroid hormone receptor exists, the body tries to stimulate the 
thyroid using TSH. The elevated TSH causes growth of present thyroid cells, and 
this results in a goitrous form of congenital hypothyroidism.

Some infants can recover from congenital hypothyroidism, and in these circum-
stances, the condition is considered temporary. Depending on the hypothyroidism cause, 
several types are permanent disorders, necessitating life-long substitution therapy.

In studies, the incidence of congenital hypothyroidism varies from 1:800 to 
1:10,000. The frequency rose significantly after commencing screening programs 
for all newborns. The incidence rates vary by geographic location and over time in 
the same location; there are significant differences between newborn race and sex, 
e.g., female newborns are diagnosed more often than male newborns (Abduljabbar 
and Afifi 2012). Differences in testing methodologies for congenital hypothyroid-
ism can lead to variations in its incidence. It may be concluded that transient con-
genital hypothyroidism exceeds permanent hypothyroidism because prior to the 
instatement of neonatal screening programs for congenital hypothyroidism, clinical 
diagnosis and incidence had been reported to be between 1:7,000 and 1:10,000 
(Abduljabbar and Afifi 2012).

The classic features of congenital hypothyroidism include a large tongue, a hoarse 
cry, facial puffiness, hypotonia, cold hands and feet, mottling skin, an umbilical her-
nia and general lethargy. Additional signs such as prolonged unconjugated hyperbili-
rubinemia, feeding difficulties, constipation, hypothermia and large fontanelles 
should raise the suspicion of a thyroid problem. However, these stated clinical signs 
and symptoms of congenital hypothyroidism lack in their sensitivity and specificity. 
Moreover, congenital hypothyroidism is further disguised by transport of maternal 
thyroid hormones through the placenta. Therefore, hypothyroidism develops slowly 
and gradually in most cases during a newborn’s first few days of life.

If a complete blockage of thyroid hormone synthesis occurs or a newborn has 
absolutely no thyroid tissue (athyreosis), the symptoms are more severe than those 
of infants with an ectopic gland, leading to decreased hormones, but not their com-
plete absence (Abduljabbar and Afifi 2012; Krude et al. 2015).

As thyroid hormones are essential for the maturation and growth of several 
organs, congenital hypothyroidism that is not detected as soon as possible can lead 
to severe pathologies. Therefore, newborn screening tests for hypothyroidism are 
performed in industrialized nations. The screening test is usually performed by col-
lecting capillary blood on a filter paper with a heel prick. The dried blood can be 
tested for total T4, TSH and TBG. Total T4 and TBG testing enables an estimation 
of the fT4 value, which cannot be tested directly from dried blood. Umbilical cord 
blood samples can also be collected to perform newborn screening.
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There are three different approaches for testing blood in congenital hypothyroid-
ism. The first one involves testing primarily for T4 levels; TSH is only tested if the T4 
levels are below a certain cutoff level. The second one is to perform the tests in the 
opposite order (testing primarily for TSH; if above a certain threshold, T4 is tested). 
The third option is to test simultaneously for T4 and TSH. The higher costs associated 
with testing for both TSH and T4 are a disadvantage of the latter strategy.

An advantage of testing for T4 before TSH is the potential to detect central forms 
of hypothyroidism, in addition to overt PH. A disadvantage is that subclinical forms 
of hypothyroidism can be missed. An advantage of testing for TSH before T4 is the 
potential to detect overt and subclinical forms of PH, but there is a possibility of 
missing central defects and transport protein defects for thyroid hormones. This 
strategy is also the method which is performed in Austria since 1976. The new-
borns’ blood is screened centrally at the Allgemeines Krankenhaus der Stadt Wien 
for all Austrian newborns (Moslinger et al. 1997; Pollak and Kasper 2014).

Rarely, infants slowly develop a decreased T4 level and an increased TSH level 
after birth and appear to be normal upon newborn screening. This form is called 
atypical congenital hypothyroidism and commonly occurs in premature infants or 
babies with lesser severe forms of permanent hypothyroidism. In response to this 
possibility, a second screening should be performed a few weeks after birth if the 
slightest suspicion of hypothyroidism arises.

Whenever abnormalities in the newborn screening test occur, it is then recom-
mended to perform a confirmatory test of TSH and free T4 levels out of a plasma 
sample collected by drawing venous blood. If a hypothyroid state is confirmed, treat-
ment should and can be started immediately to prevent cretinism or growth failure.

An evaluation of bone age using radiographs can be performed to assess the 
duration and severity of hypothyroidism for a fetus in utero. If the hypothyroidism 
has been significant, the bone age would be low for gestational age, e.g., the ossifi-
cation cores of the epiphysis would be missing. However, this test is not essential 
for hypothyroidism in clinical practice and lacks both sensitivity and specificity. 
Indeed, evaluating the thyroid gland is helpful in differentiating permanent forms 
from transient forms of hypothyroidism.

In neonates with abnormal blood levels of T4 or TSH, radionuclide scintigraphy 
with either I-123 or Tc-99 m pertechnetate is performed to locate the thyroid gland, to 
estimate its size and to check for its capability of trapping iodine. Four patterns of thy-
roid scintigrams can be recognized in neonates with congenital hypothyroidism: (a) 
normal, in patients with false-positive heel-stick screening but normal venous blood 
hormone levels; (b) hypoplasia-ectopia; (c) non-visualization, in patients with thyroid 
agenesis or fetal thyroid suppression by maternal antibodies or by antithyroid agents or 
in patients with defects of the sodium-iodide-symporter; and (d) dyshormonogenesis 
(markedly increased iodine or pertechnetate uptake) (Sfakianakis et al. 1999).

An additional ultrasound helps in confirming scintigraphic results on the location 
and size of thyroid tissue. By performing an ultrasound, goitrous forms of congeni-
tal hypothyroidism can be differentiated from non-goitrous forms.

To determine whether a malfunction in hormone production exists, an additional 
perchlorate discharge test can be performed. This situation is to be suspected if a 
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goitrous thyroid is found in newborns with hypothyroidism and normal or increased 
iodine or pertechnetate uptake. The uptake can be easily calculated after the scintigra-
phy, comparing the amount of radiation emitted from the thyroid to the total dose of 
tracer which has been administered. An increase in tracer uptake suggests that the thy-
roid is still capable of upregulating the sodium-iodide-symporter (NIS/SLC5A5) in 
response to TSH stimulation, and the symporter function is normal, but the transport 
and organification of iodine or the biosynthesis of thyroid hormones show a loss of 
function.

A perchlorate discharge test is performed by administering an I-123 test dose to 
a patient, and the accumulation of I-123 and NIS function within the thyroid is con-
firmed with scintigraphy. About 2 h later, a sodium or potassium perchlorate dose is 
administered. The perchlorate works as an antagonist of iodide trapping within the 
thyroid cells and follicles. Iodine, which has not been organified by the thyroid 
(meaning oxidized and bound to Tg), leaves the thyroid in the presence of perchlo-
rate. After administering perchlorate, a drop in iodine concentration within the thy-
roid is a positive discharge test. The drop can be measured using scintigraphy, 
resulting in a reduction in gamma radiation emitted from the thyroid. A positive test 
indicates a problem processing iodine molecules somewhere between the NIS and 
binding of oxidized iodine to Tg, as would be the case in Pendred syndrome (Meller 
et al. 1998). If no significant change in iodine concentration occurs in the thyroid 
after the intake of perchlorate, the cause of the hypothyroidism is located some-
where downstream after the iodine organification process.

During a clinical work-up, blood can be further tested for levels of Tg and for anti-
bodies against thyroid antigens. In the case of a decreased total T4 but normal TSH 
and normal fT4 levels, TBG should be assessed. If a CH form is present, the other 
pituitary hormone axes should be tested to rule out combined pituitary dysfunctions.

The therapy of choice for all forms that result in a decreased thyroid hormone 
level is a high-dose T4 replacement therapy. In those rare cases without function-
ing deiodinases, an additional T3 replacement must be considered. In cases with 
defective transport plasma proteins also, T4 and T3 replacement can be of help. 
However, patients suffering from disturbances of the thyroid hormone cell mem-
brane transporter (e.g., the MCT MTC8/SLC16A2), which leads to a peripheral 
lack of thyroid hormones, do not benefit from T4 replacement. Some studies tried 
to treat the patients with derivatives and metabolites of thyroid hormones but 
could not achieve a breakthrough. However, some patients with certain loss-of-
function mutations of the thyroid hormone receptors sometimes benefit from 
additional T4 or metabolites of thyroid hormones that can still act as agonists at 
the receptor (Persani 2012; Abduljabbar and Afifi 2012; Krude et al. 2015).

6.7  Iodine Deficiency

Iodine is most essential in the biosynthesis of thyroid hormones. Nutritional absence 
of iodine leads to a decrease in thyroid hormones; as a result, TSH levels rise. This 
enables the thyroid to extract iodine more efficiently out of the blood and to recycle 
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iodine after thyroid hormone degradation. This is mainly achieved by upregulating 
the NIS gene through TSH signaling.

Another effect of a deficient iodine supply is an increase in T3 production and a 
decrease in T4. T3 requires one less iodine atom; moreover, T3 has a more potent 
effect on thyroid hormone receptors.

An additional consequence of elevated TSH levels is the stimulation of existing 
thyroid follicular cell growth. Therefore, a goiter is the most common effect and 
clinical sign of iodine deficiency. The more important impacts of iodine deficiency, 
especially during fetal and neonatal development, are cognitive impairments 
because of hypothyroidism. However, as the thyroid has the capability of maximiz-
ing iodine uptake and recycling, an iodine deficiency has to be severe before the 
signs and symptoms of overt hypothyroidism occur.

To assess iodine supply and patients’ status, urinary iodine concentrations are 
measured and combined with thyroid function tests (fT4, TSH, and Tg level), along 
with examination of the thyroid gland with an ultrasound and pertechnetate 
scintigraphy.

Measurement of the urinary iodine concentrations reflects the nutritional supply 
of iodine because the kidneys excrete approximately 90 % of the iodine that is 
ingested and absorbed, even if the NIS is working at its maximum. If the urinary 
iodine concentration is below 100 μg/L, the iodine intake and body supply are 
considered insufficient (Zimmermann and Boelaert 2015). A mild deficiency (uri-
nary iodine concentration of 50–99 μg/L) commonly leads to the development of a 
diffuse goiter, as well as an increase in nodularity. Tg levels and thyroid size 
increase, but the TSH and fT4 levels usually remain within a normal range. In 
some populations with a mild iodine deficiency, TSH levels may even decrease. 
This can be explained by an increase in incidence and prevalence of autonomous 
nodules or of a toxic multinodular goiter. With a moderate iodine deficiency (uri-
nary iodine concentration of 20–49 μg/L), slightly elevated TSH concentrations are 
more likely found. However, the thyroid employs compensational mechanisms, so 
fT4 levels and especially fT3 levels often remain within a normal range, and 
affected individuals develop only a subclinical form of hypothyroidism. With a 
decrease in iodine supply, the occurrence of a goiter and nodules gradually 
increases. Urinary iodine concentrations below 20 μg/L are considered a severe 
deficiency. Many affected patients develop a goiter and are most likely to experi-
ence overt hypothyroidism.

To achieve a sufficient iodine supply and normal urinary iodine concentrations, 
the WHO suggests a daily intake of 150 μg for teenagers and adults. The daily rec-
ommendation for pregnant and lactating women is 250 μg per day (WHO Guidelines 
Approved by the Guidelines Review Committee 2014). In the year 2014, the iodine 
intake is thought to be adequate in 112 countries of the world but is still deficient in 
29 countries and excessive in 11 countries (excessive = a urinary iodine concentra-
tion >300 μg/L) (Zimmermann and Boelaert 2015; WHO Guidelines Approved by 
the Guidelines Review Committee 2014). A decade ago, the iodine intake was ade-
quate in 67 countries only. An increase in adequate iodine intake has mainly been 
achieved by selective iodine supplementation.
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Although more developing countries, usually with large populations, can be 
found on the list of iodine-deficient countries, several highly developed and indus-
trialized countries such as Denmark, Italy and the UK can be found among them. 
Further, surveys suggest that in several high-income countries, iodine intake has 
decreased over the past decades. This is mainly thought to be caused by a decrease 
in iodine concentrations in dairy products (Zimmermann and Boelaert 2015).

To prevent and treat chronic iodine deficiencies in large populations, it is com-
mon to add potassium iodide to salt. This method is proven to be efficient, espe-
cially if the food industry uses iodinated salt. Moreover, it is inexpensive and 
medically safe (WHO Guidelines Approved by the Guidelines Review Committee 
2014). Iodized nutrition is also administered to milk cows and helps to enhance 
nutritional iodine intake of a population through dairy products. In Austria, the law 
states that salt, which is iodized, should contain between 15 and 20 mg of iodide per 
kg of salt. Only iodized salt is allowed to be called full salt or table salt. To treat and 
prevent iodine deficiency in individuals, several dietary supplements are available, 
especially for pregnant and lactating women. In Austria, additional intake of 150–
200 μg of iodine per day for pregnant and lactating women is commonly suggested 
(Zimmermann 2012).

6.8  Thyroiditis

The most common cause of hypothyroidism in countries with sufficient iodine sup-
ply is follicular cell loss because of inflammatory destruction of the thyroid gland. 
Several different types and causes of thyroid inflammation can be distinguished. 
Autoimmune and non-autoimmune entities are differentiated pathophysiologically.

Affected patients demonstrate great variability in clinical presentation. Some 
experience severe local pain with or without a general feeling of malaise. However, 
more commonly, thyroiditis occurs without any local symptoms, despite slow and 
gradual organ destruction. This causes subclinical and overt hypothyroidism at a 
later time. Depending on how quickly destruction occurs, each form of thyroiditis 
can lead to a transient hyperthyroidism state. The cause is the rapid release of pre-
formed hormones from destroyed thyroid follicles. The more severe and quick the 
destruction is, the more frequently and severely the patient develops the signs and 
symptoms of hyperthyroidism. Consequently, the affected patient is more likely to 
develop the signs and symptoms of hypothyroidism thereafter because destroyed 
and lost thyroid follicles cannot be replaced in an appropriate amount. The slower 
the destruction, the less likely it is for an affected patient to present with the typical 
signs and symptoms of hypothyroidism because the body performs adaptive mecha-
nisms. The inflammatory process can lead to either an atrophic thyroid gland or a 
goiter. Rarely, fibrosis can occur within an inflamed thyroid.

Considering the wide range of clinical presentations, a proper thyroid examina-
tion is necessitated to determine whether an inflammatory process is ongoing and 
which form of thyroiditis is present. Further, a physical examination, neck palpa-
tion, an ultrasound, and a Tc-99 m pertechnetate scan are performed. A blood 
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sample needs to be checked to determine thyroid function levels by testing TSH and 
fT4 levels. The blood is also tested for antibodies against TPO and Tg, and the blood 
sedimentation rate is preferably checked. In addition, C-reactive protein and Tg 
levels can be helpful (Pearce et al. 2003).

In the following subsections, all thyroid syndromes but drug-induced thyroiditis 
will be presented. For drug-induced thyroid changes, please refer to Sect. 6.9.

6.8.1  Chronic Lymphocytic Thyroiditis—Hashimoto’s Thyroiditis

This form of thyroiditis is the most frequent and is characterized by chronic, 
autoimmune- mediated lymphocytic inflammation and destruction of the thyroid. 
Clinically, patients present with gradually progressive thyroid failure with or without 
goiter formation. Depending on the total amount of damaged thyroid tissue, patients 
can present with normal thyroid function over a long and highly variable time period. 
With the gradual loss of follicular cells, subclinical and then overt hypothyroidism 
can develop. As for all autoimmune diseases, the pathogenesis is still not clearly 
understood. The immune defect is thought to be the result of a genetic susceptibility 
combined with one or several environmental factors (Pyzik et al. 2015).

The serological feature of chronic thyroiditis is the detection of elevated anti-
body titers against thyroid proteins, receptors and enzymes. Most commonly, anti-
bodies against TPO and Tg are present, for which laboratory tests are conducted to 
determine their presence. However, other antibodies against thyroid proteins and 
enzymes like the NIS, pendrin, colloid antigen and thyroid hormones occur. 
However, they are not routinely been tested for (Pearce et al. 2003). Also blocking 
antibodies against the TSH receptor have been found and are thought to play a role 
in the development of thyroid atrophy in some patients suffering from chronic thy-
roiditis (Furmaniak et al. 2013).

In the general population, the prevalence of anti-TPO antibodies is between 8 % 
and 27 %; however, in approximately 90 % of cases with autoimmune thyroiditis, 
increased anti-TPO antibody titers can be found. The general frequency of 
Hashimoto’s thyroiditis is estimated to be about 5 % in Caucasians. The majority of 
patients who have elevated anti-TPO antibodies have normal thyroid function. From 
an epidemiological standpoint, it is estimated that approximately 10 % of women 
with increased anti-TPO antibodies also have subclinical hypothyroidism, while 
only about 0.5 % have overt hypothyroidism (Vanderpump et al. 1995; Pearce et al. 
2003; Pyzik et al. 2015).

There is no explicit correlation between the antibody titer level and risk of thy-
roid failure or inflammatory activity. However, it has been demonstrated that for all 
patients presenting with subclinical hypothyroidism, the risk of developing overt 
hypothyroidism is 4.6 % per year, if anti-TPO antibody titers are elevated. In patients 
without increased anti-TPO antibody levels, the risk is only 2.6 % per year. In gen-
eral, the risk for patients with normal thyroid function to develop overt hypothyroid-
ism is between 2 % and 4 % per year if elevated antibodies against the thyroid are 
present (Vanderpump et al. 1995).
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Hashimoto’s thyroiditis occurs five to ten times more often in women than men, 
and the incidence increases with age. As for other autoimmune diseases, the occur-
rence of chronic thyroiditis is significantly more common in patients who already 
have another preexisting autoimmune disorder.

The breakdown of self-tolerance and start of autoimmune aggression are thought 
to commence with activation of thyroid antigen-specific helper T lymphocytes. One 
theory indicates this activation is caused by molecular mimicry of viral antigens and 
thyroid antigens. However, no clear correlation between a specific viral infection 
and the occurrence of Hashimoto’s thyroiditis has yet been found. Another theory 
claims that thyroid follicular cells start to wrongly present their own intracellular 
proteins to T lymphocytes. The causes of this irregular presentation are still a matter 
of discussion. Iodine deficiency tends to decrease this mistaken presentation of 
intracellular proteins. After amelioration of the iodine deficiency, this incorrect pre-
sentation seems more likely to occur and correlate with the higher prevalence of 
autoimmune thyroiditis in iodine-sufficient countries, as compared with iodine- 
insufficient countries (Pyzik et al. 2015; Zimmermann and Boelaert 2015).

Activated T lymphocytes induce antigen-specific B lymphocytes to migrate into 
the thyroid and to produce anti-thyroid-antigen antibodies. These antibodies are 
polyclonal and are a consequence, not the primary cause, of auto-aggression. Usually, 
these antibodies are of subclass IgG1 and IgG3, but any other class or subclass may 
occur. The loss of follicular cells is then a consequence of cytotoxic T cells and pro-
inflammatory cytokine-induced apoptosis and may also be related to complement 
system–induced apoptosis that occurs after the binding of anti-thyroid antibodies to 
wrongly presented intracellular antigens on the follicular cell surface. If present, 
blocking antibodies against the TSH receptor normally do not activate complement 
but have an antigrowth or even atrophic effect on thyroid follicles because of the lack 
of a TSH-mediated growth stimulus. This partially explains the different clinical pre-
sentations in affected patients with goitrous and non-goitrous chronic thyroiditis.

Because of a misguided complex autoimmune process, no causal therapy is yet 
available to treat Hashimoto’s thyroiditis. The wide range of adverse effects of 
immunosuppressive drugs leads to a highly unfavorable risk–benefit profile for 
treating chronic thyroiditis with immunosuppression. The standard treatment is to 
substitute absent thyroid hormones. This is mainly achieved by administering an 
individualized, oral T4 dose. Clear evidence exists regarding the benefit of substitu-
tion therapy in patients experiencing overt hypothyroidism. For patients presenting 
with subclinical hypothyroidism only, the evidence is weak. However, it has been 
proven that normalizing TSH levels in patients with chronic thyroiditis significantly 
reduces anti-thyroid autoimmunity and at least partially restores self- tolerance 
(Pyzik et al. 2015; Pearce et al. 2003). Only weak evidence exists regarding any 
additional benefits with selenium therapy (Kohrle 2015).

6.8.2  Painless Thyroiditis

This form of thyroiditis is considered to be a variant of chronic autoimmune thy-
roiditis, Hashimoto’s thyroiditis, but with a different clinical appearance. The term 
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painless or silent thyroiditis is used if the autoimmunity toward the thyroid has a 
sudden onset and if a significant number of thyroid follicles have been destroyed in 
a short-time period. This leads to a transient hyperthyroid phase as is commonly 
seen in subacute granulomatous thyroiditis, but without local thyroid pain.

Sometimes, a mild diffuse goiter can be a consequence of inflammatory activity 
in the thyroid. It is estimated that painless thyroiditis accounts for 0.5 %, and up to 
5 %, of cases with hyperthyroidism (Samuels 2012).

The hyperthyroid phase usually resolves within 6–8 weeks and is sometimes fol-
lowed by subclinical or overt hypothyroidism. In some cases, the thyroid can recover 
and regain its ability of producing proper amounts of thyroid hormones. It is estimated 
that, in up to 50 % of cases, hypothyroidism persists and hence those patients need T4 
replacement therapy (Nikolai et al. 1981). In patients who have recovered function-
ally, the probability of thyroid failure later during lifetime, however, is high. The cause 
is a similar chronic autoimmune process as it occurs in Hashimoto’s thyroiditis.

Again, there is no specific anti-inflammatory treatment. As hyperthyroidism is a 
consequence of cellular damage, and not the result of hormone overproduction, 
antithyroid agents are of no use and are not indicated. If a patient presents with 
pronounced hyperthyroidism symptoms, unspecific beta-blockers have proven to be 
useful in reducing discomfort. If affected patients develop hypothyroidism, the 
treatment of choice is T4 replacement (Samuels 2012; Pearce et al. 2003).

6.8.3  Postpartum Thyroiditis

Postpartum thyroiditis has the same clinical presentation as painless thyroiditis. The 
only difference is that it occurs only in women within 1 year of parturition or abor-
tion. The frequency of occurrence is indicated to vary between 1 and 17 % globally. 
However, a prospective study describes a mean prevalence of 7–8 % in women of a 
general population but also rates of up to 25 % in women suffering from type 1 dia-
betes (Nicholson et al. 2006).

Most affected women experience no or only weak symptoms; therefore, many 
cases may not be diagnosed and do not require any specific treatment. The chances 
of regaining a normal thyroid function within a year are estimated to be about 80 %. 
However, there is a 50 % probability of recurring autoimmune-mediated hypothy-
roidism and permanent hypothyroidism within 7 years after having postpartum thy-
roiditis (Pearce et al. 2003; Samuels 2012).

6.8.4  Subacute Granulomatous Thyroiditis—De Quervain 
Thyroiditis

This type of thyroiditis is usually self-limited, and the common clinical appearance 
is local thyroid pain. The cause is not clearly understood. It is theorized that sub-
acute thyroiditis is either the effect of a viral thyroid infection or a postviral, 
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misguided inflammatory response in the thyroid. This hypothesis is supported by 
the observed coincidental seasonal peak in frequency of subacute thyroiditis, along 
with enteroviral infections. Many patients report a preceding upper respiratory 
infection before developing thyroid pain.

Also associations with other viral infections have been drawn when clusters of 
subacute thyroiditis cases have occurred. Yet, a direct proof of a viral component 
within an affected thyroid gland has never been found. Therefore, the theory of a 
misguided immune system is still favored as the pathophysiologic concept.

There is an association between the probability of developing subacute thyroid-
itis and having the HLA-B35 subtype of the major histocompatibility complex 
(MHC) (Ohsako et al. 1995). Immunological responses against the thyroid in sub-
acute thyroiditis are self-limiting, not chronic as in autoimmune thyroiditis. 
Histopathological inflammation is not dominated by lymphocytic inflammation, but 
granulomatous inflammation with giant cells.

As for other thyroiditis syndromes, functional thyroid changes depend on the 
amount of affected thyroid tissue. Up to 50 % of patients develop subclinical or 
overt hyperthyroidism. The cause is related to sudden follicular cell damage. 
Therefore, antithyroid agents are not helpful. The hyperthyroid phase can be fol-
lowed by subclinical or overt hypothyroidism. It is estimated that up to 85 % of 
patients have normalized thyroid function within 6–12 months after onset of this 
thyroiditis (Fatourechi et al. 2003; Rizzo et al. 2014; Pearce et al. 2003).

For diagnosing subacute thyroiditis, the main laboratory finding is a noticeably 
elevated erythrocyte sedimentation rate.

To ease hyperthyroidism symptoms, unspecific beta-blockers can be used. Anti- 
inflammatory agents such as non-steroidal anti-inflammatory drugs or glucocorti-
coids effectively reduce local pain. If a patient is experiencing hypothyroidism, the 
therapy of choice is T4 replacement.

6.8.5  Infectious Thyroiditis

A thyroiditis caused by microorganisms is rare. The thyroid is generally resistant to 
infection because of its high blood flow, iodide concentration and good lymphatic 
drainage. It can be either an acute or smoldering chronic process.

Acute septic thyroiditis is usually caused by streptococci or staphylococci spe-
cies, but many other bacteria have also been reported. Upon presentation, patients 
are usually acutely ill with local pain at the thyroid, along with the signs and symp-
toms of infection. Thyroid function usually remains normal, but hypothyroid and 
hyperthyroid phases have been described. Intravenous antibiotics are normally nec-
essary to treat acute infections.

Chronic infectious thyroiditis is usually seen in immunocompromised patients 
and can be caused by fungi, mycobacteria and parasites. Specific treatment can be 
established after diagnosing which microorganism is causing the infection (Rizzo 
et al. 2014; Pearce et al. 2003).
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6.8.6  Fibrous Thyroiditis—Riedel’s Thyroiditis

This thyroiditis is a local manifestation involving a chronic, progressing fibrotic 
process. Fibrotic changes destroy the thyroid architecture that can lead to hypothy-
roidism depending on how quickly the destruction occurs. Moreover, fibrosis may 
affect regions surrounding the thyroid. This can also lead to hypoparathyroidism, a 
tight feeling in the neck, dysphagia, hoarseness and dyspnea. In up to two-thirds of 
patients, antithyroid antibodies can be detected, but their appearance might be an 
effect of thyroid destruction, not the cause of fibrotic changes.

The diagnosis is suspected if a patient presents with a rock-hard goiter. A biopsy 
demonstrating fibrotic changes establishes the diagnosis. Treatment often requires 
surgical removal of the gland, but there are reports of the successful use of gluco-
corticoids, methotrexate and tamoxifen (Pearce et al. 2003; Lo et al. 1998).

6.9  Drug-Induced Thyroid Changes

Many drugs can interfere with normal thyroid function by disturbing either iodine 
or thyroid hormone metabolism. Some drugs can cause inflammatory thyroid 
responses.

Finally, many drugs might interfere with the intestinal resorption of T4 in patients 
undergoing thyroid hormone replacement therapy.

The most potent drugs with an ability to cause thyroid dysfunction are presented 
as follows.

6.9.1  Amiodarone

Amiodarone is an antiarrhythmic drug that has structural biochemical similarity to 
T4 and contains iodine, leading to excessive iodine intake as a treatment result. The 
drug itself and the high iodine amount can cause both, either hypothyroidism or 
hyperthyroidism. Approximately 40 % of patients develop a functional disturbance 
of the thyroid during treatment. About the half of these patients (20 %) develops a 
hypothyroid state. This can partly be explained by the induction of autoimmunity 
against the thyroid, especially in patients who have a pretreated iodine deficiency. 
As previously mentioned, the amelioration of an iodine deficiency leads to a higher 
autoimmunity toward the thyroid gland.

The treatment of hypothyroidism during amiodarone therapy usually requires an 
inadequately high T4 dosage because amiodarone reduces deiodinase activity that is 
necessary to convert supplemented T4 into T3 in the body.

The other half of patients developing a thyroid malfunction during amiodarone 
therapy suffer from hyperthyroidism. There are two different mechanisms described 
leading to hyperthyroidism. One involves the iodine amount that enables autono-
mous follicles or nodules to increase thyroid hormone production. The other 
involves the induction of a destructive thyroiditis, causing uncontrolled preformed 
hormone release (Gassanov et al. 2010; Pearce et al. 2003).
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6.9.2  Lithium

Lithium is used mainly for the treatment of bipolar disorder. The drug reduces 
thyroid hormone production and secretion in the thyroid gland and seems to 
reduce deiodinase activity. Lithium has the ability to increase antithyroid anti-
body titers and seems to enhance antithyroid autoimmune activity. This can lead 
to subclinical and overt hypothyroidism especially in patients who have preexist-
ing autoimmune thyroiditis. Furthermore, lithium reduces thyroid hormone activ-
ity, thus leading to central feedback mechanisms with elevated TSH levels. It has 
also been reported that lithium can have a direct toxic effect on thyroid cells lead-
ing to transient hyperthyroidism and hypothyroidism at a later time (Kibirige 
et al. 2013; Pearce et al. 2003).

6.9.3  Interferon-alpha

This drug is used for the treatment of chronic hepatitis C virus infection and is able 
to induce or exacerbate preexisting autoimmunity against the thyroid. About 5–15 % 
of patients without antithyroid antibodies prior to starting treatment develop anti-
bodies during interferon-alpha treatment but show no clinical signs of a thyroid 
disorder. It is estimated that another 5–10 % of patients develop clinically mani-
fested Hashimoto’s thyroiditis, painless thyroiditis or Grave’s disease during treat-
ment (Narciso-Schiavon and Schiavon Lde 2015; Pearce et al. 2003).

6.9.4  Interleukin-2 and Other Cytokines

Up to 32 % of patients develop hypothyroidism during immunotherapy that is tran-
sient for most cases and rarely requires T4 replacement therapy. However, about 2 % 
of patients receiving interleukin-2 treatment develop a thyroiditis syndrome similar 
to painless thyroiditis. It is hypothesized that cytokines induce autoimmunity against 
the thyroid by causing thyroid follicular cells to present intracellular proteins and 
antigens via the MHC to T lymphocytes. A consequence of induced thyroiditis can 
be either a (normally transient) hyperthyroidism state or hypothyroidism develop-
ment depending on the amount of thyroid destruction (Pearce et al. 2003; 
Schwartzentruber et al. 1991).

6.9.5  Tyrosine Kinase Inhibitors

According to a retrospective analysis, up to 85 % of patients treated with tyrosine 
kinase inhibitors develop hypothyroidism during treatment. Sunitinib seems to bear 
the greatest risk for thyroid dysfunction, along with other tyrosine kinase inhibitors 
that decrease thyroid function. The longer the treatment is necessary, the higher the 
probability of developing hypothyroidism. The cause is still not clear. It is thought 
to be an interaction with iodine metabolism, blood flow and TSH-mediated 
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signaling and also might lead to the induction of a destructive thyroiditis that is 
caused by inducing and amplifying follicular cell apoptosis. The more intense the 
destruction, the more probable it is for a patient to develop a transient hyperthyroid 
phase because stored thyroid hormones are released. Further, patients who have 
already been treated with T4 seem to require higher doses after tyrosine kinase 
inhibitor exposure than they did before treatment (Torino et al. 2009).
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7The Controversial Role of Pendrin 
in Thyroid Cell Function 
and in the Thyroid Phenotype 
in Pendred Syndrome

Peter Kopp, Aigerim Bizhanova, and Liuska Pesce

Abstract
Thyroid hormones are essential for normal development, growth and differentia-
tion of numerous tissues, and metabolic regulation. Structurally, they are unique 
because they contain iodine. Their synthesis in thyroid follicles thus requires a 
sufficient nutritional iodide intake, transport into the thyroid cells, and efflux into 
the follicular lumen where the actual biosynthesis occurs. Historically, Pendred 
syndrome has been defined by the triad of sensorineural deafness/hearing impair-
ment in combination with goiter and an abnormal organification of iodide. After 
the identification of the molecular basis of Pendred syndrome, which is caused by 
biallelic mutations in the SLC26A4/PDS gene, functional studies revealed that 
pendrin is a multifunctional anion exchanger with affinity, among others, for chlo-
ride, iodide, and bicarbonate. This observation, together with the demonstration 
of pendrin protein expression at the apical membrane of thyrocytes, led to the 
hypothesis that pendrin might be involved in the efflux of iodide into the follicular 
lumen. Several experimental observations do indeed support a potential role of 
pendrin in mediating iodide efflux. However, iodide efflux is also possible in the 
absence of pendrin, and Slc26a4 −/− knockout mice do not have a  thyroidal phe-
notype. These findings indicate that other exchangers or channels have a redun-
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dant or perhaps predominant function. A potential candidate is anoctamin 1 
(ANO1/TMEM16A), a calcium-activated anion channel. Anoctamin is also 
expressed at the apical membrane of thyrocytes, and it has affinity for iodide.

Further studies are needed in order to define the relative physiological role of 
pendrin and anoctamin in mediating iodide efflux, to characterize their affinity 
for iodide, and to analyze their species-specific expression pattern.

7.1  Introduction

Thyroid hormones are essential for normal development, differentiation, and metab-
olism of the majority of organs. Their synthesis requires intact follicles, which form 
the functional units of the gland, several regulated biochemical steps, and an ade-
quate nutritional iodide uptake (Kopp 2012; Pesce and Kopp 2014). At the basolat-
eral membrane of thyroid follicular cells, iodide uptake is mediated by the 
sodium-iodide symporter (NIS) (Portulano et al. 2014). The function of NIS is 
dependent on the sodium gradient generated by the Na+/K+-ATPase (Fig. 7.1), and 
a constitutively active potassium channel consisting of the KCNQ1 and KCNE2 
subunits, which promotes K+ efflux (Frohlich et al. 2011; Roepke et al. 2009). At the 
apical membrane, iodide enters the follicular lumen where the actual thyroid hor-
mone synthesis occurs. Within the follicular lumen, iodide is oxidized by the 
membrane- bound heme enzyme thyroid peroxidase. The oxidation requires the 
presence of hydrogen peroxide (H2O2), which is generated by the dual oxidase 
(DUOX) system (Moreno and Visser 2007). Subsequently, oxidized iodide is organ-
ified into defined tyrosyl residues of thyroglobulin, which serves as the scaffold for 
thyroid hormone synthesis. Thyroglobulin is a heavily glycosylated and very large 
protein (330 kDa) that forms dimers (Di Jeso and Arvan 2016). In a first step, 
referred to as organification, the iodination leads to the formation of mono- and 
diiodotyrosines (MIT, DIT). A donor and an acceptor iodotyrosine are then fused in 
the coupling reaction, which generates T4 or T3. Iodinated thyroglobulin is digested 
by several endopeptidases, both in the follicular lumen and after uptake into the 
cells through macro- and micropinocytosis (Di Jeso and Arvan 2016). T4 and T3 are 
secreted into the bloodstream at the basolateral membrane, at least in part by the 
monocarboxylate transporter MCT8 (Di Cosmo et al. 2010). Remarkably, MIT and 
DIT are sorted and then deiodinated by an intracellular iodotyrosine dehalogenase 
(DEHAL1), which permits to recycle the released iodide into the follicular lumen 
(Moreno et al. 2008; Kopp 2012).

7.2  How Does Iodide Enter the Follicular Lumen?

In electrophysiological studies performed more than two decades ago with inverted 
thyroid membrane vesicles, Golstein et al. suggested that iodide efflux is mediated 
by two distinct channels (Golstein et al. 1992). The first one, referred to as the 
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iodide channel, exhibited a high permeability and specificity for iodide with an 
approximate Km of 70 μM. The second channel was found to be about fourfold 
more permeable to iodide than chloride with a Km of about 33 mM. The authors 
postulated that the iodide channel is restricted to the apical membrane and trans-
ports iodide from the cytosol into the colloid space, whereas the second one may 
mediate predominantly chloride transport under physiological conditions. So far, 
the molecular identity of these two conductances, which could be anion channels or 
transporters, has however not been identified. Currently, two candidates have been 
considered: pendrin and anoctamin (Silveira and Kopp 2015) (Table 7.1 and 
Fig. 7.1). Chloride channels such as the cystic fibrosis transmembrane conductance 
regulator (CFTR) and the voltage-gated chloride channel 5 (CLCN5) are also 
expressed in thyroid follicular cells (Li et al. 2010; van den Hove et al. 2006). While 
they have affinity for iodide, they are not thought to play a role in mediating iodide 
efflux under physiological conditions. SLC5A8, a homologue of NIS, which was 
initially called human apical iodide transporter (hAIT) (Rodriguez et al. 2002), is 
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Fig. 7.1 Cellular localization (top) and putative structure (bottom) of pendrin (PDS/SLC26A4) 
and anoctamin 1 (ANO1/TMEM16A). Pendrin contains a carboxyterminal STAS (sulfate trans-
porter and antisigma factor antagonist) domain that contains a protein kinase A phosphorylation 
site. The predicted calmodulin- and calcium-binding sites of ANO1 are indicated. The sodium- 
iodide symporter (NIS) transports iodide into the follicular cells at the basolateral membrane 
against the electrochemical gradient. NIS is dependent on the sodium gradient generated by the 
Na+/K+-ATPase. At the apical membrane, pendrin is thought to function as a iodide/chloride 
exchanger, and anoctamin is a channel that may function in conjunction with other channels such 
as the transient receptor potential channel 2 (TRPC2)
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clearly not involved in apical iodide efflux as formally demonstrated in functional 
studies in oocytes and polarized MDCK cells (Paroder et al. 2006).

Thyroid-stimulating hormone (TSH) rapidly activates the efflux of iodide efflux 
at the apical membrane through the protein kinase A and C pathways (Weiss et al. 
1984; Nilsson et al. 1990, 1992; Iosco et al. 2014). These pathways may be differ-
entially regulated depending on the physiological status.

Table 7.1 Observations for and against a physiological role of pendrin and anoctamin as media-
tors of iodide efflux in thyroid follicular cells

Pendrin (SLC26A4) Anoctamin 1 (ANO1, TMEM16A)

Findings supporting a physiological role of 
pendrin

Findings supporting a physiological role of 
anoctamin

Patients with Pendred syndrome have a 
partial iodide organification defect

ANO1 is abundantly expressed at the apical 
membrane of thyroid follicular cells

Patients with Pendred syndrome can develop 
a goiter

ANO1 expression is regulated by TSH

Patients with Pendred syndrome can present 
with congenital or acquired hypothyroidism

ANO1 can be stimulated by calcium

Pendrin is a multifunctional anion exchanger 
abundantly expressed at the apical membrane 
of thyroid follicular cells

ANO1 mediates efflux of iodide in transfected 
cells

Pendrin mediates iodide transport in 
transfected non-polarized cells

Inhibition or siRNA knockdown of ANO1 
decreases iodide efflux from thyroid cells

Pendrin mediates vectorial iodide efflux in 
transfected polarized cells

ANO1 splice variants expressed in the thyroid 
have a higher affinity for iodide than chloride

Mutations of pendrin lose the ability to 
mediate iodide efflux

Studies in oocytes have demonstrated that 
ANO1 is a calcium-activated chloride channel 
with a preference for iodide over chloride

Pendrin has a higher affinity for iodide than 
for chloride

TSH mediates rapid translocation of pendrin 
to the apical membrane and increases iodide 
efflux

Membrane abundance and half-life increased 
under conditions of iodide excess

Findings possibly questioning a primary 
physiological role of pendrin

Findings possibly questioning a primary 
physiological role of ANO1

TSH does not regulate PDS/SLC26A4 gene 
expression

ANO1 may function in conjunction with other 
channels such as the transient receptor 
potential channel 2 (TRPC2)

Slc26a4 −/− mice do not display a thyroidal 
phenotype
This could, however, simply reflect a species 
difference

In transfected HEK293 cells expressing 
pendrin, the iodide efflux is higher compared 
to cells expressing ANO1 (Fig. 7.2)

Pendrin has a distinct role as an exchanger of 
chloride and bicarbonate in other tissues such 
as the kidneys and inner ear

siRNA small interfering ribonucleic acid, HEK293 human embryonic kidney cell line 293
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7.3  Pendrin

The classic phenotype of the autosomal recessive Pendred syndrome (OMIM 
#274600) consists of sensorineural deafness associated with inner ear malforma-
tions, especially enlarged vestibular aqueduct (EVA), goiter, and a partial iodide 
organification defect (PIOD) (Pendred 1896; Morgans and Trotter 1958; Bizhanova 
and Kopp 2010). Pendred syndrome is caused by biallelic (homozygous and com-
pound heterozygous) mutations in the PDS/SLC26A4 gene (Everett et al. 1997). 
Functionally, pendrin belongs to the SLC26 family of multifunctional anion trans-
porters (Alper and Sharma 2013), and it was found to have affinity for iodide (Scott 
et al. 1999).

Because of the human phenotype with a partial iodide organification defect 
(PIOD), goiter, and in a subset of subjects congenital or acquired hypothyroidism 
(Gonzalez Trevino et al. 2001; Ladsous et al. 2014), the expression of pendrin at the 
apical membrane of thyroid follicular cells (Royaux et al. 2000) (Fig. 7.1), and its 
affinity for iodide (Scott et al. 1999), it is a plausible candidate for mediating iodide 
efflux at the apical membrane.

Initial studies in Xenopus oocytes demonstrated that pendrin is able to mediate 
uptake of anions such as chloride and iodide in a sodium-independent manner 
(Scott et al. 1999). In transfected unpolarized mammalian cells, pendrin was then 
shown to mediate iodide release (Yoshida et al. 2002). Next, studies performed in 
polarized cells expressing NIS at the basolateral membrane and pendrin at the 
apical membrane in a bicameral system demonstrated that pendrin can mediate 
vectorial iodide efflux at the apical membrane (Gillam et al. 2004). Importantly, 
more recent studies performed in oocytes have shown that pendrin functions as a 
coupled, electroneutral iodide/chloride, iodide/bicarbonate, or chloride/bicarbon-
ate exchanger with a 1:1 stoichiometry, and that it has a preferential affinity for 
iodide, even in the presence of high chloride concentrations (Shcheynikov et al. 
2008). Moreover, it has been shown that pendrin is expressed at the apical mem-
brane of parotid gland ducts where it can mediate luminal iodide secretion 
(Shcheynikov et al. 2008).

Some of the more than hundred naturally occurring mutations have been tested 
functionally, mainly after transfection into heterologous mammalian cells. Disease- 
causing mutations result in a complete or partial loss in iodide efflux (Gillam et al. 
2004; Taylor et al. 2002; Pera et al. 2008; Dossena et al. 2009, 2011), and many 
mutated proteins are retained in intracellular compartments such as the endoplasmic 
reticulum secondary to misfolding (Rotman-Pikielny et al. 2002). The human phe-
notype, which is characterized by goiter development under conditions of scarce 
iodide intake (Gonzalez Trevino et al. 2001), as well as the PIOD, is suggestive for 
a physiological role of pendrin in mediating or participating in iodide efflux in 
humans. In contrast, however, Slc26a4 −/− mice do not develop a goiter or abnor-
mal thyroid hormone levels, even under conditions of iodine deficiency (Calebiro 
et al. 2011; Iwata et al. 2011). Although this has been used as an argument against a 
physiological role of pendrin in mediating iodide efflux in thyrocytes (Twyffels 
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et al. 2011), it is currently unclear whether this simply reflects a species difference 
(Bizhanova and Kopp 2011).

Iodide efflux at the apical membrane is rapidly accelerated by TSH (Nilsson 
et al. 1990, 1992; Weiss et al. 1984). Stimulation of the protein kinase A pathway in 
rat thyroid cells results in a rapid increase in membrane insertion of pendrin and an 
increased iodide efflux (Bizhanova et al. 2011; Pesce et al. 2012). Stimulation with 
forskolin increases the membrane insertion of pendrin in PCCL3 rat thyroid cells, 
presumably through activation of a protein kinase A site in the intracellular car-
boxyterminus (Bizhanova et al. 2011). Deletion or targeted mutation of the protein 
kinase A site residing in the intracellular carboxyterminal tail containing the so- 
called STAS (sulfate transporter and antisigma factor antagonist) domain results in 
decreased basal function and membrane insertion of pendrin (Bizhanova et al. 
2011). In addition, the protein kinase A site mutation (T717A) is partially func-
tional, but it has a mitigated response to forskolin (Bizhanova et al. 2011). Trafficking 
of murine pendrin to the apical membrane is also activated by cAMP in microper-
fused mouse cortical collecting duct (CCD) and in polarized renal opossum kidney 
proximal tubule (OKP) cells via phosphorylation of S49 in the aminoterminal intra-
cellular domain (Azroyan et al. 2012). In contrast to the rapid translocation medi-
ated by the protein kinase A pathway, stimulation of the protein kinase C pathway 
in rat thyroid cells appears to result in a delayed translocation of pendrin to the 
plasma membrane (Muscella et al. 2008). Interestingly, rat thyroid cells incubated 
with supraphysiological amounts of iodide show an increased abundance of pendrin 
at the plasma membrane, the half-life of pendrin increases, and the efflux of iodide 
is enhanced (Calil-Silveira et al. 2016). These findings suggest that pendrin could 
have a role in mediating iodide efflux under conditions of iodide excess.

Under conditions of normal or abundant iodide intake, goiter development is 
unusual (Sato et al. 2001), but goitrous congenital and overt hypothyroidism devel-
oping later in life can be present in patients with Pendred syndrome (Gonzalez 
Trevino et al. 2001; Ladsous et al. 2014). In a study from Northern France, a region 
which has a normal to marginal iodide intake, Ladsous et al. characterized the thy-
roid phenotype in patients with Pendred syndrome and non-syndromic EVA 
(Ladsous et al. 2014). Fifteen out of the 19 patients with Pendred syndrome (79 %) 
presented with a goiter. Fifteen (79 %) subjects had hypothyroidism: 6/15 had con-
genital hypothyroidism, 5/15 had overt hypothyroidism, and 4/15 had subclinical 
hypothyroidism. Ten out of 16 (63 %) of these patients showed abnormal iodide 
organification as determined by a perchlorate test, a test that is unfortunately poorly 
standardized and subject to exogenous (e.g., iodine intake) and endogenous (e.g., 
autoimmune thyroid disease) modulators. The study by Ladsous et al. clearly dem-
onstrates that there is a relatively wide spectrum in the thyroid phenotype among 
patients with Pendred syndrome, suggesting that it is influenced by genetic and 
environmental modifiers, including nutritional iodine intake (Ladsous et al. 2014). 
Intriguingly, biallelic mutations in the SLC26A4 gene have also been identified in 
two patients with thyroid hypoplasia and congenital hypothyroidism from two unre-
lated families (Kühnen et al. 2014). The mutations found in these subjects have been 
previously identified in patients with the classical form of Pendred syndrome or 
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familial EVA (Kühnen et al. 2014; Kopp 2014). The reasons why these two patients 
developed thyroid hypoplasia, rather than a goitrous phenotype, are unclear. It has 
been speculated that either the retained misfolded proteins or an increased produc-
tion of free radicals in response to sustained stimulation by TSH could have a toxic 
effect leading to cell death, or that the hypoplastic phenotype requires the presence 
of additional modifying (genetic) factors (Kopp 2014; Kühnen et al. 2014).

7.4  Anoctamin

Three recent studies have suggested that anoctamin 1 (ANO1), also referred to as 
TMEM16A, could be involved in apical iodide efflux in thyroid cells (Viitanen 
et al. 2013; Iosco et al. 2014; Twyffels et al. 2014). ANO1 is a calcium-activated 
anion channel, which is expressed in numerous tissues, including thyroid follicu-
lar cells (Pedemonte and Galietta 2014; Ferrera et al. 2010). ANO1 is part of a 
family of ten paralogs (ANO1-10; TMEM16A-K) sharing a common transmem-
brane topology, but a wide spectrum of in part putative functional roles as ion 
channels, regulatory subunits of other channels or phospholipid scramblases, pro-
teins responsible for the translocation of phospholipids between the two monolay-
ers of the cell membrane lipid bilayer (Pedemonte and Galietta 2014; Picollo et al. 
2015). The ANO1 gene generates several splice variants, and most of them have a 
higher affinity for iodide than chloride (Ferrera et al. 2010). Human and rat thy-
roid cells predominantly express the so-called abc and the ac isoforms (Ferrera 
et al. 2009; Iosco et al. 2014), whereas the rat thyroid cell lines PCCL3 and 
FRTL-5 predominantly express the ac isoform, which is more sensitive to calcium 
(Ferrera et al. 2009, 2010). A functional study by Viitanen et al. performed in 
native FRTL-5 rat thyroid cells suggested that ANO1, in conjunction with the 
transient receptor potential channel 2 (TRPC2), mediates iodide release (Viitanen 
et al. 2013). Iosco et al. then demonstrated that the ANO1 protein is localized at 
the apical membrane of human thyrocytes (Fig. 7.1), and that its expression is 
more abundant in active cells (Iosco et al. 2014). Functional studies determining 
the intracellular iodide content revealed that iodide release can be stimulated by 
adenosine triphosphate (ATP) in a calcium-dependent manner from FRTL-5 cells, 
whereas treatment with inhibitors or siRNA knockdown decreased the iodide 
efflux. Similarly, iodide efflux was also increased in transfected mammalian cells 
expressing both NIS and ANO1, and iodide release could be further stimulated by 
calcium (Iosco et al. 2014). Twyffels et al. demonstrated that Ano1 mRNA is 
stimulated by TSH and that the protein expression, which is relatively discrete 
under basal conditions, increases after stimulation by TSH (Twyffels et al. 2014). 
In unpolarized human embryonic kidney (HEK293) cells transfected with ANO1, 
the efflux of iodide is increased compared to untransfected cells. However, in 
HEK293 cells expressing pendrin, the iodide efflux is higher compared to ANO1 
transfected cells, suggesting that pendrin is more efficient in mediating iodide 
efflux, at least in this model system (Fig. 7.2). Treatment with the calcium iono-
phore ionomycin was found to acutely stimulate the ANO1-mediated iodide 
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release (Twyffels et al. 2014). The mechanism by which calcium activates ANO1 
seems to involve calmodulin as well as direct calcium binding to ANO1 
(Pedemonte and Galietta 2014). Rat thyroid cell lines and human primary thyroid 
cells treated either with an ANO1 inhibitor (T16Ainh-A01) or siRNA show a 
decrease in iodide release (Twyffels et al. 2014). Studies in oocytes have demon-
strated that ANO1 is a calcium-activated chloride channel with a preference for 
iodide over chloride (Schroeder et al. 2008; Yang et al. 2008) indirectly suggest-
ing that it could be involved in mediating iodide efflux. ANO1 is able to mediate 
iodide efflux from FRTL-5 cells after ATP stimulation in the absence of chloride, 
which suggests that it functions independently of pendrin, which functions as an 
anion exchanger. In aggregate, these results indicate that ANO1, which has a pref-
erential affinity for iodide over chloride (Schroeder et al. 2008; Yang et al. 2008), 
is able to mediate iodide release from thyroid cells.

7.5  Future Directions

In conclusion, the current body of data suggests that the multianion exchanger pen-
drin (PDS/SLC26A4) and the calcium-dependent channel anoctamin 1 (ANO1/
TMEM16A) can mediate apical iodide efflux in thyroid cells and several model 
systems. It is conceivable that they are part of a redundant system. The exact physi-
ological role of pendrin and ANO1 awaits further characterization, and it may be 
variable between basal conditions and conditions of thyroid dysfunction as illus-
trated by the regulation of ANO1 expression by TSH, and the differential regulation 
of pendrin trafficking by the protein kinase A and C pathways. As suggested by the 

Fig. 7.2 Release of radioiodide from 125I-preloaded PCCl3 cells (○) or HEK 293 T cells trans-
fected to express Na+/I− symporter (NIS) in combination with GFP (●) or ANO1 (▲) or pendrin 
(■). The data are representative of more than five independent experiments (From Ref. Twyffels 
et al. (2014). With permission). Note that the release of iodide is more efficient in these pendrin-
transfected cells compared to ANO1-transfected cells
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absence of a thyroid phenotype in Slc26a4 −/− knockout mice, which differs with 
the human phenotype that can include goiter and congenital or acquired hypothy-
roidism, there may be relevant differences in the expression pattern and physiologi-
cal roles of pendrin and ANO1 between species.
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8Pendrin and Its Partners in the Kidney: 
Roles in Vascular Volume and Acid Base 
Regulation

Manoocher Soleimani and Giovanna Valenti

Abstract
The Cl−/HCO3

− exchanger pendrin (SLC26A4, PDS) is located on the apical 
membrane of B-intercalated cells in the kidney cortical collecting duct (CCD) 
and the connecting tubules (CNTs) and mediates the secretion of bicarbonate and 
the reabsorption of chloride. Recent studies demonstrate the coordinated interac-
tion of pendrin with several ion transporters and/or channels in the kidney distal 
nephron, resulting in systemic electrolyte and vascular volume homeostasis and 
acid base regulation. In this chapter, we will discuss the latest developments on 
the role of pendrin and its interacting partners in salt and water absorption in the 
distal nephron and their relevance to pathophysiologic states.

8.1  Introduction

The solute carrier (SLC) 26 family of anion transporters comprises both electrogenic 
and electroneutral chloride/base exchangers that are expressed in various epithelia and 
polarized cells (Sindić et al. 2007; Soleimani 2013). This family is genetically distinct 
from the SLC4 anion exchangers (AE1, AE2, AE3, and AE4) and comprises at least 
ten distinct members (SLC26A1-11) (Sindić et al. 2007; Soleimani 2013; Alper and 
Sharma 2013). Modes of transport mediated by SLC26 members include the exchange 
of chloride for bicarbonate, hydroxyl, sulfate, formate, iodide, or oxalate with variable 
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specificity (Melvin et al. 1999; Soleimani et al. 2001; Jiang et al. 2002; Xie et al. 
2002; Chernova et al. 2005; Wang et al. 2002; Schweinfest et al. 2006; Petrovic et al. 
2003; Xu et al. 2005, 2008, 2011). Several SLC26 family members can specifically 
function as Cl−/HCO3

− exchangers. These include SLC26A3 (DRA), SLC26A4 (pen-
drin), SLC26A6 (PAT1 or CFEX), SLC26A7, SLC26A9, and SLC26A11 (Melvin 
et al. 1999; Soleimani et al. 2001; Jiang et al. 2002; Xie et al. 2002; Chernova et al. 
2005; Wang et al. 2002; Schweinfest et al. 2006; Petrovic et al. 2003; Xu et al. 2005, 
2008, 2011). In addition to mediating chloride/base exchange, SLC26A7, SLC26A9, 
and SLC26A11 can also function as chloride channels (Bertrand et al. 2009; Kim 
et al. 2005; Dorwart et al. 2007).

Mutations in several SLC26 isoforms are linked to autosomal recessive genetic 
disorders, with SLC26A2 associated with chondrodysplasias (Hastbacka et al. 
1994), SLC26A3 linked to chloride-losing diarrhea (Hoglund et al. 1996), and 
SLC26A4 connected to Pendred syndrome and nonsyndromic hereditary deafness 
(Everett et al. 1997). These findings confirm the intriguing and important roles of 
SLC26 isoforms in normal physiology and human pathophysiology. The generation 
of genetically engineered mouse models has significantly increased our understand-
ing of the pathophysiology of genetic disorders linked to SLC26 isoforms. These 
models have further established the important role of SLC26 isoforms in the normal 
physiology of various organs, including the kidney.

The SLC26A4 gene was first discovered by positional cloning studies in patients 
with Pendred syndrome (Everett et al. 1997), an autosomal recessive inherited disor-
der characterized by congenital deafness and thyroid goiter (Bizhanova and Kopp 
2010). Pendrin is abundantly expressed in the thyroid and inner ear (Everett et al. 
1997), with lower levels in the whole kidney (Bizhanova and Kopp 2010). Pendrin can 
function in Cl−/HCO3

− exchange, Cl−/OH− exchange, and Cl−/I− exchange modes 
(Soleimani et al. 2001; Royaux et al. 2001); however, its dominant role in the kidney 
is the mediation of Cl−/HCO3

− exchange. Immunofluorescence studies localized pen-
drin to the apical membrane of B and non-A-, non-B-intercalated cells in the connect-
ing tubule (CNT) and the cortical collecting duct (CCD) (Royaux et al. 2001; Kim 
et al. 2002; Wall et al. 2003). The schematic diagram in Fig. 8.1 depicts the major 
salt-absorbing transporters in the distal nephron, including the Cl−/HCO3

− exchanger 
pendrin. This chapter focuses on the latest advances on the role of pendrin in the kid-
ney physiology, as derived from studies on genetically engineered mouse models, 
humans with Pendred syndrome, and functional and localization experiments.

8.2  Interaction of Pendrin with the Sodium Chloride 
Cotransporter NCC

8.2.1  Pendrin and Salt Absorption

Genetic deletion of pendrin does not cause any significant salt wasting or exces-
sive diuresis in mutant mice under basal conditions (Royaux et al. 2001; 
Verlander et al. 2003; Amlal et al. 2010). Kidney functions, including sodium 

M. Soleimani and G. Valenti



123

and chloride excretion, urine output, and blood urea nitrogen levels, are all nor-
mal in pendrin knockout (KO) mice (Royaux et al. 2001; Verlander et al. 2003; 
Amlal et al. 2010). Indeed, deafness is the only major phenotypic presentation 
in pendrin-deficient mice and in humans with Pendred syndrome, confirming an 
essential role for pendrin in the development of inner ear hearing structures in 
mammalians (Wangemann 2011) (see also Chaps. 2 and 3). An acidic urine pH 
is the only noticeable kidney phenotype in pendrin KO mice relative to wild-
type (WT) animals under baseline conditions (Amlal et al. 2010). Mice with 
pendrin ablation, however, display impaired ability to conserve sodium when 
subjected to salt restriction, and develop volume depletion, metabolic alkalosis, 
and hypotension (Wall et al. 2004). These results clearly support an important 
role for pendrin in salt absorption and bicarbonate secretion in volume-depleted 
states. In addition, pendrin expression is increased, and its activity is enhanced 
in response to increased concentration of aldosterone, suggesting that pendrin 
plays an important role in the pathogenesis of hypertension in primary aldoste-
ronism (Verlander et al. 2003).

Na+

NCC

Cl-

Cl-

pendrin

Na+

HCO3
-

ENaC

Thiazides

G

PCT

PST

TAL

DCT
CCD

OMCD

IMCD

Fig. 8.1 A schematic diagram depicting the localization and function of pendrin, NCC, and ENaC 
in kidney tubules. Pendrin is located on the apical membrane of B-intercalated and non-A-, non-
B- intercalated cells. CCD cortical collecting duct, DCT distal convoluted tubule, ENaC epithelial 
sodium channel, G glomerulus, IMCD inner medullary collecting duct, NCC sodium chloride 
cotransporter, OMCD outer medullary collecting duct, PCT proximal convoluted tubule, PST 
proximal straight tubule, TAL tick ascending limb
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8.2.2  Compensatory Role of Pendrin in Salt Reabsorption 
in the Distal Nephron in the Setting of NCC Inactivation

Based on its dual function of bicarbonate secretion and chloride reabsorption, it 
was originally thought that pendrin plays important roles in acid base regulation 
and electrolyte homeostasis under basal conditions. As noted above, the absence 
of any significant salt wasting in mice or human lacking a functional pendrin sug-
gested that this transporter does not play an important role in salt absorption under 
baseline states. The upregulation of pendrin in response to salt restriction or 
increased aldosterone led to the conclusion that this transporter plays an impor-
tant role in salt absorption during salt restriction or in response to aldosterone 
excess (Verlander et al. 2003; Wall et al. 2004). Of interest was a recent report 
indicating the development of metabolic alkalosis in a patient with Pendred syn-
drome during vascular volume depletion (Kandasamy et al. 2011), confirming the 
reports on the important role of pendrin in salt absorption during salt restriction.

The thiazide-sensitive NaCl cotransporter (NCC) is the main sodium-absorbing 
transporter in the distal convoluted tubule (DCT), whereas the epithelial sodium channel 
ENaC is the main molecule responsible for the absorption of sodium in the CNT and the 
CCD (Gamba 2005; Ellison 2003; Delpire et al. 1996; Câmpean et al. 2001; Delpire and 
Mount 2002; Ellison et al. 1987, 1989; Schultheis et al. 1998; Loffing et al. 2004). 
Chloride reabsorption in the DCT is coupled to the sodium absorption via NCC. Chloride 
reabsorption in the CNT and CCD is mediated via both paracellular and transcellular 
pathways, with the transcellular pathway being mediated primarily via pendrin, which 
in conjunction with ENaC is responsible for the bulk of sodium and chloride reabsorp-
tion in these two segments (Wall and Pech 2008; Wall and Weinstein 2013).

8.2.2.1  Pendrin Expression Is Significantly Enhanced in Kidneys 
of NCC KO Mice

Northern hybridization and immunofluorescence labeling indicated that the expres-
sion of pendrin is significantly increased in kidneys of NCC KO mice (Vallet et al. 
2006; Patel-Chamberlin et al. 2016). In addition to the pendrin working in tandem 
with ENaC, the sodium-dependent chloride/bicarbonate exchanger (NDCBE) 
shows expression in the CCD and may participate in sodium absorption (Leviel 
et al. 2010; Eladari and Hübner 2011).

Similar to pendrin-deficient mice, genetically engineered mice lacking NCC do 
not display excessive salt wasting under baseline conditions (Schultheis et al. 1998). 
NCC-deficient mice display enhanced calcium absorption (hypocalciuria) along 
with magnesium wasting (Schultheis et al. 1998; Loffing et al. 2004); the latter is 
caused by the downregulation of magnesium-absorbing channel (transient receptor 
potential ion channel TRPM6) in the DCT and will result in low magnesium con-
centration in blood (hypomagnesium), recapitulating the common phenotypic pre-
sentations in patients with Gitelman syndrome.
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8.2.2.2  Double Knockout of Pendrin and NCC Causes Severe Salt 
Wasting under Baseline Conditions

Very recent reports have unmasked the basis of incongruity between the mild phe-
notype in NCC KO or pendrin KO mice, and the role of pendrin and NCC as impor-
tant players in salt reabsorption in the distal tubule. In these studies, mice with 
single deletion of NCC and pendrin were cross mated in order to generate mice with 
double deletion of pendrin and NCC (Soleimani et al. 2012). The pendrin/NCC 
double KO mice displayed significant salt wasting and developed severe volume 
depletion, kidney hypoperfusion, and metabolic alkalosis (Soleimani et al. 2012). 
These studies demonstrate that pendrin and NCC cross compensate for the loss of 
each other, therefore masking the role that each transporter plays in salt reabsorp-
tion under baseline conditions (Soleimani et al. 2012).

8.2.3  Compensatory Role of ENaC in Salt Absorption 
in the Distal Nephron in the Setting of NCC Inactivation

As previously mentioned (see Sect. 8.2.2), the sodium absorption in the CNT and 
CCD is mediated via the epithelial sodium channel ENaC in principal cells, whereas 
chloride is absorbed primarily via pendrin (Royaux et al. 2001; Verlander et al. 
2003; Amlal et al. 2010; Costanzo 1984; Costanzo and Windhager 1978; Eaton 
et al. 2001; Roy et al. 2015).

8.2.3.1  Expression of ENaC Is Enhanced in Kidneys of NCC KO Mice
The northern hybridizations and Western blots showed significant upregulation of 
mRNA encoding ENaC α, β, and γ subunits in kidneys of NCC KO mice (Patel- 
Chamberlin et al. 2016). The analysis of Western blots by densitometric scanning 
demonstrated the upregulation of cleaved form (70 kDa) of ENaC γ subunit in kid-
neys of NCC KO mice, with the cleaved band increasing by ~420 % in NCC KO 
mice (Patel-Chamberlin et al. 2016).

8.2.3.2  Effect of Amiloride on Salt Excretion in NCC KO Mice
To ascertain whether the upregulation of ENaC is associated with increased 
ability to conserve sodium, NCC-deficient mice were placed in metabolic cages 
and treated with daily injection of amiloride for 6 days. Urine output almost 
doubled in NCC KO mice after amiloride injection, whereas it did not change 
significantly in WT mice (Patel-Chamberlin et al. 2016). The increase in urine 
output was associated with enhanced sodium excretion in NCC KO mice. It is 
important to note that, as previously mentioned, sodium excretion in WT litter-
mates was not significantly affected after amiloride injection (Patel-Chamberlin 
et al. 2016).
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8.2.4  Conclusions

Pendrin and ENaC show significant activation in kidneys of NCC-deficient mice, 
and their downregulation or inhibition results in significant salt wasting, strongly 
suggesting that pendrin collaborates with ENaC to prevent salt wasting in the set-
ting of NCC inactivation. The schematic diagram in Fig. 8.2 depicts the compensa-
tory roles of pendrin and ENaC in salt absorption in the collecting duct in the setting 
of NCC inactivation or inhibition.

8.3  Impact of Pendrin and NCC Downregulation on Salt, 
Calcium, and Water Absorption in the Collecting Duct

8.3.1  Role of the Interplay of CaSR Signaling and Aquaporin-2

As previously described (see Sect. 8.2.2.2), the generation of mice with a genetic 
deletion of pendrin and NCC has showed several features revealing that under basal 
conditions, these two transporters compensate each other for their function. In fact, 
pendrin or NCC single KO mice did not show any salt wasting or volume depletion 
under basal conditions.

Interestingly, pendrin/NCC double KO mice display calcium (and phosphate) 
wasting (Soleimani et al. 2012). This feature is actually observed also in pendrin 
single KO mice, which produce a very acidic urine as a consequence of the lack of 
the apical Cl−/HCO3

− transporter in the CCD (Amlal et al. 2010).
In the kidney, the majority of calcium is reabsorbed through the paracellular 

pathway in the proximal tubule and in the thick ascending limb of Henle’s loop 
(Hoenderop et al. 2005; Blanchard et al. 2001). In the distal nephron, calcium is 
reabsorbed through an active transcellular process that involves the concerted action 
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Fig. 8.2 A schematic diagram depicting the compensatory roles of pendrin and ENaC in salt 
absorption in the setting of NCC inactivation or inhibition. (Left) Salt absorption in the DCT and 
collecting duct: role of NCC, pendrin, and ENaC. (Right) NCC KO mice do not show significant 
salt wasting under baseline conditions due to the upregulation of pendrin and ENaC. The ablation 
of pendrin in the setting of NCC inactivation causes massive salt wasting and results in volume 
depletion and kidney hypoperfusion (Soleimani et al. 2012). NCC sodium chloride cotransporter
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of the apical epithelial calcium channel TRPV5, the Na+/Ca2+ exchanger expressed 
on the basolateral membrane and calbindin (Hoenderop et al. 2002). Downregulation 
of TRPV5 is associated with profound calcium wasting (Gkika et al. 2006). 
Consistent with the critical role of pendrin in the pH regulation, it has been reported 
that calcium-absorbing pathway molecule (apical TRPV5 and basolateral Na+/Ca2+ 
exchanger) is downregulated in pendrin KO mice. These changes were associated 
with a significant renal calcium wasting. Several lines of evidence demonstrate that 
hypercalciuria is associated with higher water excretion by the kidney. In this 
respect, we have previously provided evidence that high concentrations of luminal 
calcium in the renal collecting duct counteract vasopressin action impairing the traf-
ficking of the vasopressin-sensitive water channel aquaporin 2 (AQP2). This effect 
is mediated by the activation of the calcium-sensing receptor (CaSR) (Procino et al. 
2004, 2008). The data supporting this conclusion were obtained both from in vitro 
experiments using AQP2-expressing mouse collecting duct cells (MCD4 cells) and 
from hypercalciuric patients (Procino et al. 2012).

Additional evidence for the inverse relationship between calciuria and water 
metabolism was also provided in a bed-rest study in humans showing that bed-rest 
induced an increase in blood hematocrit (reflecting water loss), which coincided to 
a reduction of urinary AQP2 likely paralleled by an increase in urinary calcium due 
to bone demineralization (Tamma et al. 2014a). Of note, high external calcium has 
been found to reduce AQP2 expression both in the collecting duct cell line mpkCCD 
and in hypercalciuric rats (Bustamante et al. 2008; Sands et al. 1998). These data 
support a direct effect of luminal calcium on AQP2 expression in collecting duct 
principal cells and point to a role of calcium in regulating both AQP2 trafficking and 
expression. More recently, we have shown that CaSR activation in renal cells modu-
lates AQP2 trafficking and/or expression by alteration of its phosphorylation state 
(Ranieri et al. 2015).

AQP2 phosphorylation event is required to increase the water permeability and 
water reabsorption of the collecting duct cells. Vasopressin-induced translocation of 
AQP2 coincides with AQP2 phosphorylation at serine (S) 256, S264, and threonine 
(T) 269 and dephosphorylation at S261. Specifically, we found that selective activa-
tion of CaSR expressed in the collecting duct prevented the cAMP-dependent 
increase in AQP2 phosphorylation at S256 (AQP2-pS256) and water reabsorption 
and reduced the basal AQP2-pS256 levels, thus having an opposite effect with 
respect to vasopressin action (Fig. 8.3). These data point to a crucial role of CaSR 
signaling in impairing the short-term vasopressin response resulting in water loss 
with urine (Ranieri et al. 2015). Of note, pendrin/NCC double KO mice have 
impaired kidney response to exogenous vasopressin and display low urine osmolal-
ity, despite severe volume depletion associated with downregulation of AQP2 in 
medullary collecting duct (MCD) despite increased circulating vasopressin levels 
(Soleimani et al. 2012). Pendrin/NCC double KO mice failed to increase their urine 
osmolality in response to desmopressin (dDAVP, a vasopressin analog), consistent 
with the impaired response to vasopressin (Soleimani et al. 2012).

Given that the inhibitory effect of CaSR signaling on AQP2 trafficking to the 
plasma membrane in response to vasopressin is mainly due to modulation of AQP2 
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phopshorylation, we hypothesize that in pendrin/NCC double KO mice, the high 
calcium delivery in the collecting duct activates a signaling mediated by CaSR 
counteracting vasopressin response and leading to reduced water absorption and 
volume depletion.

Quite interestingly, preliminary results suggest that pendrin/NCC double KO mice 
have significantly higher levels of AQP2-pS261 under basal conditions, consistent 
with an expected reduced response to vasopressin (Valenti et al., unpublished).

Consistent with that, data from literature showed that S261 in AQP2 is highly 
phosphorylated when unstimulated, but is dephosphorylated upon treatment with 
vasopressin (Hoffert et al. 2006). Moreover, a recent work showed that increased 
expression of AQP2-pS261 was concomitant with the increase in urine output in 
rat kidney inner medullary collecting duct (Trepiccione et al. 2014). The higher 
expression of AQP2-pS261 in pendrin/NCC double KO mice may reflect a higher 
AQP2 degradation rate. Quite interestingly, preliminary ex vivo experiments 
show that specific inhibition of CaSR in pendrin/NCC double KO mice results in 
100 % increase in basal levels of AQP2-pS256, strongly supporting the hypoth-
esis of a critical role of CaSR in impairing vasopressin response by reducing 
AQP2 phosphorylation at S256 and increasing AQP2 phosphorylation at S261, 

Fig. 8.3 A schematic diagram depicting the role of CaSR in regulating AQP2 trafficking via mod-
ulation of its phosphorylation state. Activation of CaSR expressed in apical membrane of the col-
lecting duct principal cells by urinary calcium impairs vasopressin-stimulated water reabsorption 
through inhibition of the calcium inhibitable AC6 and reduction of cAMP generation, resulting in 
decreased PKA activity and AQP2-pS256 levels. This negative feedback from CaSR signaling to 
AQP2 sensitizes vasopressin to urinary calcium, representing an internal renal defense to mitigate 
the effect of hypercalciuria on the risk of calcium saturation during antidiuresis. AC6 adenylyl 
cyclase6, AQP2 aquaporin 2, AVP arginine vasopressin, cAMP cyclic AMP, CaSR calcium-sensing 
receptor, Gq G protein q, Gs stimulatory G protein, PKA protein kinase A, PLC phospholipase C, 
V2R arginine vasopressin receptor 2
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thus resulting in reduced AQP2 trafficking and volume depletion (Valenti et al., 
unpublished). The schematic diagram in Fig. 8.3 depicts the role of CaSR in 
regulating AQP2 trafficking.

8.4  Interaction of Pendrin with CFTR and Other Chloride 
Transporters

8.4.1  Pendrin and Cystic Fibrosis

Cystic fibrosis (CF) is the most common life-threatening genetic disease in the 
United States. It is caused by mutations in the cystic fibrosis transmembrane con-
ductance regulator (CFTR), a cAMP/PKA, and ATP-regulated apical chloride chan-
nel, which is widely expressed in epithelial tissues (Frizzell and Hanrahan 2012; 
Kunzelmann et al. 2001). Due to its widespread distribution in epithelial cells, 
patients with CFTR mutation develop damage or injury in multiple organs, includ-
ing lung injury and/or infection, pancreatic inflammation (pancreatitis), and/or 
intestinal obstruction (Derichs 2013; Hoffman and Ramsey 2013; Pier 2012). 
However, no apparent kidney phenotype has been identified in CF patients, despite 
abundant expression of CFTR in the kidney tubule, including intercalated cells in 
the collecting duct (Todd-Turla et al. 1996).

Patients with CF are prone to the development of metabolic alkalosis, which is 
manifested by an elevation of arterial blood pH and bicarbonate and produces a 
physiologic diminution of respiratory effort that is detrimental in CF patients 
(Sweetser et al. 2005; Baird et al. 2002; Al-Ghimlas et al. 2012; Yalçin et al. 2005). 
The pathogenesis of metabolic alkalosis in CF remains unknown. One major factor 
contributing to the generation of metabolic alkalosis in human is the impaired abil-
ity of the kidney to excrete the excess bicarbonate. The major transporter responsi-
ble for the excretion of bicarbonate in the kidney is pendrin (Sindić et al. 2007; 
Soleimani 2013; Alper and Sharma 2013; Royaux et al. 2001). It is therefore plau-
sible that the inactivation of pendrin could impair the ability of the kidney to elimi-
nate the excess bicarbonate, specifically in the setting of volume depletion which 
requires an active and functional pendrin.

CFTR plays a vital role in HCO3
− secretion in multiple tissues, including the 

pancreatic duct and duodenum, by activating the apical Cl−/HCO3
− exchangers from 

SLC26 family (Ko et al. 2004; Bertrand et al. 2009). Recent studies have demon-
strated that pendrin and CFTR activate each other and that CFTR regulates pendrin- 
mediated Cl−/HCO3

− exchange (Bertrand et al. 2009). These studies showed that a 
functional CFTR markedly activates pendrin-mediated Cl−/HCO3

− exchange, 
whereas a mutant CFTR does not (Shcheynikov et al. 2008). The interaction of 
CFTR and pendrin has also been shown in tracheal epithelial and thyroid follicular 
cells (Garnett et al. 2011). This phenomenon might have ramifications for patients 
with CF, who on many occasions present with metabolic alkalosis, specifically at a 
young age (Sweetser et al. 2005; Baird et al. 2002; Al-Ghimlas et al. 2012; Yalçin 
et al. 2005). While the generation of alkalosis has been attributed to volume 
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depletion subsequent to the loss of electrolytes through the skin, it is plausible that 
pendrin, which plays an important role in chloride absorption and bicarbonate 
secretion in volume-depleted states, remains inactive in patients with cystic fibrosis, 
resulting in further loss of chloride and retention of HCO3

− by the kidney.
Our recent studies have shown that pendrin is significantly downregulated in 

kidneys of a mouse model of cystic fibrosis, as shown by a profound reduction in 
apical expression and increased cytoplasmic and basolateral localization of pendrin 
in B-intercalated cells in CFTR KO mice (Varasteh Kia et al. Submitted for publica-
tion). As a result, CF mice developed metabolic alkalosis (as verified by increased 
arterial blood pH and bicarbonate) when subjected to excess exogenous bicarbonate 
load, subsequent to the impaired ability of their kidneys to eliminate excess bicar-
bonate (Varasteh Kia et al. Submitted for publication). It is noteworthy to mention 
that baseline parameters, including acid–base status and urine pH, were comparable 
in CF mice vs. WT mice. However, it was following a 3-day oral bicarbonate load 
that CF mice showed significant elevation in their blood bicaronate and pH (meta-
bolic alkalosis) and impaired ability to excrete excess bicarbonate (low urine pH).

8.4.1.1  Conclusion
We propose that patients with cystic fibrosis are prone to the development of meta-
bolic alkalosis in large part due to the impairment of pendrin, specifically during 
volume depletion, which is a common occurrence in CF patients.

8.4.2  Pendrin and Other Chloride Transporters

Is the epithelial Na+ channel ENaC, working in conjunction with the paracellular 
Cl− absorption, the major path for salt absorption in the collecting duct? Based on 
recent studies, the answer is negative. In addition to the Cl−/HCO3

− exchanger pen-
drin, studies over the last 5 years have identified several new players in transcellular 
chloride and/or sodium reabsorption in the collecting duct. These include the Na+-
dependent Cl−/HCO3

− exchanger Slc4a8 (NDCBE), and the chloride transporter/
channel Slc26a11 (Kidney Brain Anion Transporter; KBAT) (Xu et al. 2011; Leviel 
et al. 2010). Aside from cross compensation between NCC and pendrin and their 
crucial role in salt absorption in the DCT and CCD, respectively, no transcellular 
chloride-absorbing pathway has been identified in medullary collecting duct (MCD) 
despite the presence of a sodium-absorbing molecule (ENaC) in the same nephron 
segment. Recent studies demonstrate that Slc26a11 (KBAT) is expressed on the api-
cal membrane of A-intercalated cells in the CCD, outer and inner MCD, and medi-
ates chloride transport (Xu et al. 2011). These studies further indicate that KBAT 
may play an important role in compensatory salt absorption in the collecting duct in 
disease states. The schematic diagram in Fig. 8.4 depicts the interaction of KBAT 
and NDCBE with pendrin and other ion transporters in the CCD.

The ambiguities with regard to the role of KBAT in salt reabsorption may be 
due to the lack of availability of pertinent mutant mouse models and the paucity 
of information on its collaborating transporters. We have generated mice with 
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kidney- specific ablation of KBAT, which show significant salt wasting in response 
to furosemide or hydrochlorothiazide (HCTZ) treatment and following increased 
dietary salt intake (unpublished observation). Whether KBAT works in tandem with 
ENaC and/or NDCBE in the collecting duct to absorb sodium and chloride remains 
to be determined.

8.5  Regulation of Pendrin by the Carbonic Anhydrase II 
and Effect of Carbonic Anhydrase Inhibitors

Carbonic anhydrases play important roles in acid base transport in the proximal 
tubule and the collecting duct (Purkerson and Schwartz 2007; Schwartz 2002). In 
addition to facilitating the generation of intracellular bicarbonate in the proximal 
tubule cell, carbonic anhydrase II (CAII) is abundantly expressed in A- and 
B-intercalated cells and plays an important role in H+ (proton) and HCO3

− secretion 
in A- and B-intercalated cells, respectively. Inhibition of carbonic anhydrase activ-
ity in the proximal tubule by acetazolamide (ACTZ) blocks the apical Na+/H+ 
exchanger activity and decreases sodium and bicarbonate reabsorption (Puschett 
1994). In addition to the inhibition of sodium and bicarbonate absorption in the 
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proximal tubule, short-term (1 or 2 weeks) inhibition of carbonic anhydrases causes 
significant remodeling of cellular profile in the collecting duct, with a specific 
reduction in B-intercalated cells (Bagnis et al. 2001). The expression of pendrin was 
also significantly downregulated in a mouse of model CAII deficiency (Sun et al. 
2008; Xu et al. 2013) consequent to a huge reduction in the number of intercalated 
cells, including B-intercalated cells. These results support the view that CAII is 
essential for the viability of B-intercalated cells in the kidney.

8.5.1  Carbonic Anhydrase Inhibitor Acetazolamide 
Downregulates the Expression of Pendrin in the Kidney

Recent studies have demonstrated that treatment with the carbonic anhydrase inhib-
itor (CAI) acetazolamide downregulates the expression of pendrin in rat kidney, 
presumably secondary to the reduction of B-intercalated cells (Zahedi et al. 2013).

Hydrochlorothiazide is the most widely used diuretic in the world for the treat-
ment of mild and moderate hypertension (Ellison 2003; Câmpean et al. 2001; 
Ellison et al. 1987). Despite being a specific inhibitor of NCC in the DCT, hydro-
chlorothiazide causes a very mild diuretic response (Ellison 2003; Câmpean et al. 
2001; Ellison et al. 1987). This observation is in agreement with studies indicating 
that NCC deletion in mouse causes very little salt wasting under basal conditions 
(Schultheis et al. 1998; Loffing et al. 2004). Based on published studies demonstrat-
ing that the double deletion of NCC and pendrin causes significant salt wasting 
(Soleimani et al. 2012), the effect of combination of acetazolamide and hydrochlo-
rothiazide on salt excretion was tested.

8.5.2  Synergistic Effects of Acetazolamide 
and Hydrochlorothiazide on Salt Excretion, Vascular 
Volume, and Kidney Function

Carbonic anhydrase inhibitors (CAIs) are mild diuretics (Puschett 1994; Zahedi 
et al. 2013), hence not widely used in fluid overloaded states. Thiazides, specific 
inhibitors of NCC, are mild agents and the most widely used diuretics in the world 
for control of mild hypertension (Ellison 2003; Câmpean et al. 2001; Ellison et al. 
1987).

It was postulated that carbonic anhydrase inhibitors downregulate pendrin, there-
fore leaving NCC as the major salt-absorbing transporter in the distal nephron. If 
that assumption is true, then the addition of hydrochlorothiazide in animals pre-
treated with acetazolamide should result in salt wasting.

To test the above hypothesis, rats were treated with acetazolamide (ACTZ), a 
known CAI, or hydrochlorothiazide (HCTZ) for 6 days. The results showed that 
ACTZ treatment caused mild diuresis, whereas daily treatment with HCTZ caused 
hardly any diuresis (Zahedi et al. 2013). However, treatment of rats that were pre-
treated with ACTZ for 6 days with a combination of ACTZ plus HCTZ for 4 
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additional days increased the urine output by greater than twofold (p < 0.001, n  =  5) 
compared to ACTZ-treated animals (Zahedi et al. 2013). Sodium excretion increased 
by 80 % in the ACTZ plus HCTZ group, and animals developed significant volume 
depletion, metabolic alkalosis, and pre-renal failure.

These results support the conclusion that carbonic anhydrase inhibition by ACTZ 
downregulates pendrin (Zahedi et al. 2013), therefore leaving NCC as the only 
major salt-absorbing transporter in the distal nephron. As such, it was postulated 
that the addition of HCTZ, which inhibits NCC, should cause profound diuresis, 
subsequent to the inactivation of pendrin and NCC in the face of increased delivery 
of salt from proximal tubule. It was further proposed that patients that are treated 
with ACTZ for pseudotumor cerebri (idiopathic intracranial hypertension) or other 
non-kidney conditions, such as glaucoma, should avoid taking HCTZ for hyperten-
sion due to profound diuretic effect of the combination therapy.
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Abstract
Interleukin (IL)-4 and IL-13 are related cytokines correlated with type 2 immu-
nity involved in the pathogenesis of bronchial asthma. Pendrin is induced by 
IL-4 or IL-13 in airway epithelial cells and is highly expressed in the lung tis-
sues of asthma model mice or asthma patients. The signal transducer and acti-
vator of transcription (STAT) 6, the critical transcriptional factor for IL-4 or 
IL-13 signals, is required for IL-4– or IL-13–induced pendrin expression. 
Although the pathological roles of pendrin have been confirmed by the analy-
ses of model mice, the underlying mechanisms are still unclear. Furthermore, 
pendrin has a potential to be correlated with other pulmonary diseases—
chronic obstructive pulmonary disease, environmental chemical compound–
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exposed diseases or infectious diseases. In addition to these detrimental effects 
in pathological settings, the physiological role of pendrin in the lung, such as 
promoting antimicrobial activity, may be protective. Thus, whereas pendrin 
inhibition appears as a promising therapeutic strategy to treat asthma and other 
chronic respiratory diseases, it will be important to evaluate the effect of this 
inhibition in the lungs and other organs.

9.1  Introduction

Bronchial asthma is a common and chronic respiratory disease characterized by 
variable symptoms such as wheezing, shortness of breath and cough, and by vari-
able expiratory airflow limitation (Global Initiative for Asthma 2015), and is 
estimated to affect at least 300 million people worldwide, therefore representing 
a significant medical and social problem. Inhaled corticosteroids (ICSs) are used 
as the first-line drugs for bronchial asthma, and furthermore, various molecularly 
targeted drugs mainly against type 2 immunity–associated molecules are now 
underway of development (Izuhara et al. 2015). Although ICSs are very effective 
agents for bronchial asthma, 5–10 % of asthma patients are resistant or hypo-
responsive to ICS, accounting for about 50 % of the total costs for treating asthma 
(Adcock and Lane 2003). Molecularly targeted drugs for bronchial asthma are 
expected as alternative drugs in ICS-resistant patients; however, since asthma 
patients are heterogenous and molecularly targeted drugs are efficacious only in 
specific patient subgroups, stratification of asthma patients is required for their 
successful application (Izuhara et al. 2015). Furthermore, molecularly targeted 
drugs, mostly biologics, are expensive and cause economic burden. Therefore, 
the elucidation of the molecular mechanisms underlying the pathogenesis of 
bronchial asthma and development of novel therapeutic agents based on such 
mechanisms is still needed.

Chronic obstructive pulmonary disease (COPD) is another chronic pulmo-
nary disease characterized by airway limitation. COPD, now the fourth leading 
cause of death in the world, will become the third by 2020 (Global Initiative for 
Chronic Obstructive Lung Disease 2015). Inhaled cigarette smoke and other 
noxious particles are major risk factors for lung inflammation underlying the 
pathogenesis of COPD. Although COPD is a disease that can be prevented by 
reducing exposure to risk factors and can be pharmacologically treated with 
bronchodilators, corticosteroids and phosphodiesterase-4 inhibitors (Global 
Initiative for Chronic Obstructive Lung Disease 2015), it is important to eluci-
date the underlying pathogenic mechanisms to develop novel and specific ther-
apeutic agents.

In this chapter, while we describe the discovery of pendrin as a respiratory dis-
ease–associated molecule and focus on its roles in bronchial asthma and COPD, we 
also present some evidences supporting a beneficial role of this protein in the 
airways.
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9.2  Overview of the Signal Transduction of Interleukin-4 
and Interleukin-13 and Their Significance in Bronchial 
Asthma

Interleukin (IL)-4 and IL-13 are related cytokines correlated with type 2 immunity 
(Izuhara et al. 2002, 2006). These cytokines share their receptors and signal pathways. 
Two IL-4 receptors (IL-4Rs) are known: type I and type II IL-4Rs. Type I IL-4R is com-
posed of the IL-4R α chain (IL-4Rα) and the common γ chain (γc), whereas type II 
IL-4R is composed of IL-4Rα and the IL-13R α1 chain (IL-13Rα1), i.e., type I and type 
II IL-4Rs share IL-4Rα. Type II IL-4R also functions as the only IL-13R that can trans-
duce IL-13 signals. The Janus kinase (JAK)–signal transducer and activator of transcrip-
tion (STAT) pathway is critical for most cytokine signals. In case of IL-4 and IL-13, 
JAK1, JAK3 and TYK2 associate with IL-4Rα, γc and IL-13Rα1, respectively, followed 
by activation of STAT6. This means that all signals via IL-4R and IL-13R lead to STAT6 
activation, explaining the common biological activities of IL-4 and IL-13.

IL-4 and IL-13 are secreted from TH2 cells, mast cells, basophil and eosinophil gran-
ulocytes and group 2 innate lymphoid cells (only IL-13) during the type 2 immune 
response following allergic inflammation or parasite infection (Izuhara 2003; Lambrecht 
and Hammad 2013). Although IL-4 and IL-13 share their receptor and signaling path-
ways, the IL-4 actions are more hematological or immune cell (e.g., TH2 cells, eosino-
phils and mast cells)–oriented, whereas the IL-13 actions are more resident cell (e.g., 
epithelial cells, fibroblasts and smooth muscle cells)–oriented due to the different distri-
bution of these cytokines and their receptors (Izuhara 2003). The significance of IL-4 
and/or IL-13, particularly the latter, in the pathogenesis of bronchial asthma was estab-
lished in the 1990s mainly based on the analyses of model mice. Inhalation of IL-13 
alone causes asthma-like phenotypes, whereas blockage of IL-13 signals diminishes 
those phenotypes (Grünig et al. 1998; Wills- Karp et al. 1998). High expression of type 
2 cytokines including IL-4 and IL-13 in the bronchial tissues of asthma patients, as well 
as genetic associations of single- nucleotide polymorphisms in IL-4– or IL-13–related 
genes such as IL-13, IL-4Rα and STAT6 with bronchial asthma supported the signifi-
cance of IL-4 and IL-13 in the pathogenesis of asthma (Kotsimbos et al. 1996; Bodey 
et al. 1999; Shirakawa et al. 2000). At this moment, the population of adult asthma 
patients showing type 2–dominant immunity is estimated to be 50–70 % (Woodruff 
et al. 2009; Peters et al. 2014). Based on these findings, several IL-4 or IL-13 signaling 
antagonists—anti–IL-13 (Lebrikizumab and Tralokinumab) and IL-4Rα (Dupilumab) 
antibodies—are now under clinical development as anti-asthma drugs (Corren et al. 
2011; Brightling et al. 2015; Wenzel et al. 2013).

9.3  Identification of Pendrin as an IL-4– or IL-13–Inducible 
Molecule and Its Involvement in Allergic Respiratory 
Inflammation

Substantial attention has been paid on how IL-13 causes asthma phenotypes acting 
on resident cells, particularly airway epithelial cells, because the analyses of geneti-
cally manipulated mice showed the significance of IL-13 actions on airway 
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epithelial cells for the pathogenesis of bronchial asthma (Zhu et al. 1999; Kuperman 
et al. 2002). Moreover, it was shown that IL-13 causes in vitro differentiation of 
airway epithelial cells into mucus-producing cells, a key feature of bronchial asthma 
(Kondo et al. 2002; Zhen et al. 2007; Nakao et al. 2008). While both IL-4 and IL-13 
have been shown to alter the expression of a multitude of ion transport and channel 
proteins (Nofziger et al. 2011a), we and others found that the SLC26A4 gene was 
induced by IL-13 in human airway epithelial cells with microarray and in vitro cell- 
culture methods (Fig. 9.1, Nakao et al. 2008; Zhen et al. 2007; Kuperman et al. 
2005). Interestingly, we found that IL-4 increased thiocyanate (SCN−) transport in 
human airway epithelial cells independently of the cystic fibrosis transmembrane 
conductance regulator (CFTR) and tried to identify the transporter involved 
(Pedemonte et al. 2007). We examined expression of SLC26 transporters and other 
related channels in IL-4–stimulated airway epithelial cells using microarray, and 
found that only the SLC26A4 gene was significantly induced by IL-4 among the 
investigated transporters and that pendrin/SLC26A4 is responsible for the SCN−/
Cl− exchange using an in vitro system. Thus, pendrin has appeared as an IL-4– or 
IL-13–inducible molecule.

In accordance with the in vitro experiments, we and others demonstrated that 
pendrin expression is upregulated in lungs of asthma-mimicking mice such as oval-
bumin- or IL-13–inhaled mice, as well as IL-13–transgenic mice (Nakao et al. 2008; 
Kuperman et al. 2005; Zhen et al. 2007; Di Valentin et al. 2009). Additionally, we 
showed that pendrin is expressed in the apical side of airway epithelial cells in 
ovalbumin-inhaled mice (Nakao et al. 2008). The finding that upregulation of pen-
drin expression is observed in the IL-13–overexpressing mice, in which STAT6 is 
expressed only in nonciliated airway epithelial cells, suggests that these cells are the 

Airway epithelial cell

Pendrin

Asthma

・IL-4

・IL-13

COPD

・TNFα

・IFN-γ

・IL-1β

・IL-6
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?

Fig. 9.1 Relationships between the triggers that increase pendrin expression and pathological 
pulmonary conditions. The triggers that induce pendrin expression and the pulmonary pathological 
conditions correlated with these triggers are depicted. The question mark indicates that the role of 
the COPD-related molecules in increasing pendrin expression is currently hypothetic
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pendrin-expressing cells upon stimulation of IL-4/IL-13 in vivo (Kuperman et al. 
2005). It is of note that pendrin expression is enhanced in both acute and chronic 
asthma model mice (Di Valentin et al. 2009).

Several studies have been performed to examine the expression of pendrin in 
lung tissues of asthma patients. An initial study showed no difference in pendrin 
expression between asthmatic and control subjects (Kuperman et al. 2005). 
However, it was later reported that pendrin expression was enhanced in asthma 
patients compared to control subjects (Yick et al. 2013). The reason of the discrep-
ancy between these studies is unknown; the different methods used to obtain the 
experimental material (endobronchial biopsy vs. brushing) or the different back-
ground of asthma patients (steroid-free atopic asthma patients in the study of Yick 
et al.) may account for it. We recently found that pendrin expression was up-regu-
lated in bronchial epithelial cells of some asthma patients, suggesting that pendrin 
may be involved in the pathogenesis of at least some asthma patients (Suzuki, in 
press). Moreover, Ishida and collaborators demonstrated that pendrin is expressed 
in the nasal mucosa of the patients with allergic rhinitis or chronic rhinosinusitis 
with nasal polyps (Ishida et al. 2012). Allergic rhinitis is another type 2 immunity–
dominant disease (Khan 2014), and chronic rhinosinusitis with nasal polyps is 
tightly associated with bronchial asthma (Okano et al. 2015). These results suggest 
the involvement of pendrin in both upper and lower respiratory allergic inflamma-
tion and the common characteristics in their pathogenesis.

9.4  Regulation of the SLC26A4 Gene by IL-4/IL-13

As described earlier, STAT6 is a transcriptional factor critical for both the IL-4 and 
IL-13 signals (Izuhara et al. 2002, 2006). Since the SLC26A4 gene is induced by 
IL-4 or IL-13 in airway epithelial cells, it was reasonable to think that STAT6 acts 
on the induction of the SLC26A4 gene. Accordingly, we found two consensus 
sequences for the STAT6 binding site (TTC(N4)GAA) at −3472 to −3463 (motif 1) 
and −1812 to −1803 (motif 2) of the 5’-flanking region of the SLC26A4 gene and 
examined whether these regions were critical for cytokine-induced expression 
(Nofziger et al. 2011b; Vanoni et al. 2013). We found that while STAT6 is able to 
bind both consensus sequences following IL-4 exposure, only motif 2 is essential 
for IL-4– or IL-13–inducible pendrin expression using HEK-Blue cells stably over-
expressing STAT6. Thus, it has been confirmed that the 5’-flanking region of the 
SLC26A4 gene has a cis-acting sequence for STAT6.

9.5  Pathological Roles of Pendrin/SLC26A4 in Bronchial 
Asthma

Two papers have thus far demonstrated the pathological roles of pendrin in bron-
chial asthma using model mice. We, in one of the papers, showed the effects of 
pendrin overexpression in bronchial tissues, whereas Nakagami and collaborators 
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demonstrated the effects of genetic deficiency of pendrin on allergen-inducing 
inflammation (Nakao et al. 2008; Nakagami et al. 2008). Overexpression of pendrin 
in bronchial tissues causes mucus hyper-production, enhanced airway reactivity, 
neutrophil-dominant inflammation and upregulated expression of chemokines for 
recruitment of neutrophils. Reciprocally, pendrin deficiency decreases airway reac-
tivity and infiltration of inflammatory cells in bronchoalveolar lavage fluid. 
Accordingly, systemic IgE production, mucus production and type 2 cytokines pro-
duction are unaffected in allergen-challenged, pendrin-deficient mice. These results 
became formal proof showing a pathological role of pendrin in bronchial asthma.

The molecular mechanism of how pendrin exerts detrimental effects in bronchial 
asthma still remains unclear. Airway surface is covered by a thin layer of fluid, the 
airway surface liquid (ASL), whose composition and volume are critical to ensure 
proper mucociliary clearance and innate defense systems. Nakagami and collabora-
tors showed that ASL is thickened in the pendrin-deficient tracheal cells stimulated 
by IL-13, probably because of dysregulated anion transport, suggesting the possibil-
ity that the thickened ASL can enhance mucus clearance and improve airway func-
tion (Nakagami et al. 2008). These authors concluded that pendrin-increased 
expression following allergens challenge may lead to ASL dehydration and airway 
inflammation and obstruction, therefore representing an important contributor of 
asthma exacerbations. We have another hypothesis to explain the harmful effects of 
pendrin in bronchial asthma (Fig. 9.2). SCN− is actively transported into the bron-
chial lumen via the Na+/I− symporter (NIS)/SLC5A5 at the basal side and via sev-
eral anion transporters—pendrin, CFTR and the chloride channel regulator 
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Fig. 9.2 Hypothetic schematic model of the pendrin/DUOX/peroxidase system in airway epithe-
lial cells. The production pathway of OSCN− (hypothiocyanite) and its hypothetic detrimental 
effects linked to the activation of NF-κB are depicted
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(CLCA)1/calcium-activated chloride channel (CaCC)—at the apical side in airway 
epithelial cells. SCN−, together with H2O2 generated by dual oxidases (DUOX) 1 
and 2, members of the NADPH oxidases family, is oxidized by peroxidases to 
OSCN− (hypothiocyanite). Three peroxidases—myeloperoxidase (MPO), eosino-
phil peroxidase (EPX) and lactoperoxidase (LPO)—are involved in this reaction in 
lung tissues. OSCN− serves as a potent innate defense system against microbes in 
lungs (Hawkins 2009; Barrett and Hawkins 2012). We recently found that inhibition 
of all peroxidase activities by panperoxidase inhibitors impared airway inflamma-
tion in the model mice and that OSCN− causes activation of NF-κB, a transcription 
factor critical for inflammatory responses or necrotic cell death in human airway 
epithelial cells (Suzuki in press and unpublished data). We assume that, in the asth-
matic status, pendrin-induced overproduction of OSCN− leads to inflammatory 
responses in airway epithelial cells.

9.6  Pathological Roles of Pendrin/SLC26A4 in Other 
Respiratory Conditions

Although pendrin was first identified as a downstream molecule of IL-4/IL-13 sig-
nals or in the asthmatic status in the respiratory system, it was later found that vari-
ous cytokines or environmental stimuli cause pendrin expression in lung tissues 
(Fig. 9.1). IL-1β (Pedemonte et al. 2007; Hogmalm et al. 2014), interferon-γ (IFN- 
γ; combined with rhinovirus, Nakagami et al. 2008) and IL-17A (Scanlon et al. 
2014; Adams et al. 2014) have been listed as the cytokines that can induce pendrin 
expression. Moreover, several environmental chemical compounds such as silica 
(Sellamuthu et al. 2013), welding fumes (Oh et al. 2012), C60 fullerene (Fujita et al. 
2010), single-wall carbon nanotubes (Fujita et al. 2015) as well as pathogenic 
microbes or microbe-derived molecules such as rhinovirus (combined with IFN-γ, 
Nakagami et al. 2008) and pertussis toxin (Scanlon et al. 2014; Connelly et al. 2012) 
have been shown to have the same ability.

We examined pendrin expression at mRNA level in the lung tissues of esterase- 
inhaled mice mimicking COPD (Nakao et al. 2008). Pendrin expression was 
enhanced 1 week after the inhalation, followed by expression of Muc5ac and 
Muc5b. Pendrin was localized at the apical side of epithelial cells as well as in that 
of asthma model mice. These results suggest a possibility that pendrin is involved in 
the pathogenesis of COPD, although thus far there is no report showing pendrin 
expression in COPD patients. The pathogenesis of COPD is complex and still unde-
termined; several pro-inflammatory cytokines—tumor necrosis factor α (TNFα), 
IFN-γ, IL-1β, IL-6, IL-17A, IL-18, IL-32 and thymic stromal lymphopoietin 
(TSLP)—have potentials to contribute to the pathogenesis of COPD (Caramori 
et al. 2014; Halwani et al. 2013; Rogliani et al. 2015). Any of these cytokines may 
be responsible for pendrin expression in the COPD condition (Fig. 9.1).

Carbonetti and collaborators have elegantly shown the pathological role of pen-
drin in pertussis disease, characterized by severe and prolonged cough and progres-
sion to a critical stage with pulmonary inflammation and death in young infants 
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(Connelly et al. 2012; Scanlon et al. 2014). They generated a Bordetella pertussis 
strain in which pertussis toxin is defected and found that its loading in mice reduces 
Bordetella pertussis–inducible pendrin expression while improving pulmonary 
inflammation. They demonstrated that pendrin expression induced by Bordetella 
pertussis is not STAT6-dependent, but IL-17A–dependent. Furthermore, they 
showed that pendrin deficiency improves Bordetella pertussis–inducible inflamma-
tion, but does not affect bacteria colonization. These results suggest the pathological 
roles of pendrin in pertussis disease, as well as its potential significance in other 
pulmonary infectious diseases or respiratory failure statuses.

9.7  Pendrin in Lung: Detrimental or Beneficial?

Although the association between pendrin overexpression and pathogenesis of 
asthma and COPD seems to be clearly established, there is also a number of evi-
dences supporting a beneficial role of pendrin in the airways. As previously men-
tioned, composition and volume of ASL are critical to ensure proper mucociliary 
clearance and innate defense systems. The balance between fluid secretion and 
absorption results from the coordinated activities of different ion channels and 
transporters, in particular the epithelial sodium channel (ENaC) and CFTR, the 
chloride channel that is mutated in cystic fibrosis (CF). In CF, defective CFTR leads 
not only to inappropriately low chloride transport and impaired airway surface 
hydration but also to enhanced sodium absorption and further dehydration of the 
epithelial surface. As a consequence, the periciliary fluid covering the airway sur-
face becomes abnormally shallow thus causing the arrest of mucociliary transport 
(Boucher 2007). In addition to differences in liquid volume, it has been reported that 
ASL from CF cultures as well as secretions from CF nasal submucosal glands are 
acidic as compared to non-CF (Coakley et al. 2003; Song et al. 2006). ASL acidic 
pH has been shown to reduce ciliary beating frequency and bacterial killing by 
phagocytic cells (Allen et al. 1997; Simchowitz 1985). A very important molecule 
to control the pH of the luminal microenvironment in epithelial tissues is HCO3

−, 
due to its buffering role. It has been demonstrated that in bronchial and tracheal 
epithelia from CF humans and pigs, the lack of CFTR activity is paralleled by a 
reduction in electrogenic HCO3

− secretion (Smith and Welsh 1992; Ostedgaard 
et al. 2011). In addition, by studying fluid and anion secretion in polarized cultures 
of Calu-3 cells, a model of human tracheobronchial submucosal gland serous cells, 
several investigators also concluded that CFTR is the main (only?) route for apical 
HCO3

− secretion (Illek et al. 1997; Devor et al. 1999; Krouse et al. 2004). In addi-
tion to its buffering role, HCO3

− has been reported to be very important for mucus 
homeostasis. Indeed, mucus secretion depends on HCO3

− secretion (Garcia et al. 
2009; Quinton 2001), and HCO3

− has been reported to regulate mucin viscosity as 
well as mucin expansion (Chen et al. 2010; Muchekehu and Quinton 2010). 
Consequently, in CF, defective CFTR also leads to the loss of pH control and 
reduced mucus solubilization due to a decrease in HCO3

− secretion, therefore con-
tributing to the worsening of the pathology. To further remark the importance of 
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HCO3
− in the airways, it has been recently shown that this anion has an important 

antibacterial function (Pezzulo et al. 2012) and, hence, that defective HCO3
− secre-

tion through CFTR has multiple pathogenic consequences in CF. However, the fact 
that, in the airway epithelium, CFTR is the only route for HCO3

− secretion is some-
what atypical. Indeed, in different HCO3

− secreting epithelia, including salivary 
glands and gastrointestinal tracts (Melvin et al. 2005; Stewart et al. 2009; Singh 
et al. 2010), HCO3

− secretion is usually mediated by coupled activities of CFTR and 
at least one anion exchanger belonging to the SLC26 family (possibly SLC26A3 
and/or SLC26A6). In the airways, expression of SLC26A3 and SLC26A9 is well 
documented (Wheat et al. 2000; Lohi et al. 2002), and it was reported that SLC26A9 
acts as a CFTR-regulated constitutively active Cl− channel of the bronchial epithe-
lium (Bertrand et al. 2009). Recently, by studying HCO3

− secretion in polarized 
epithelia of Calu-3 serous cells, Gray and collaborators described the existence of a 
luminal cAMP/PKA-activated Cl−/HCO3

− exchange activity, whose pharmacologi-
cal and functional profiles were consistent with those of pendrin (Garnett et al. 
2011). These authors demonstrated that transepithelial liquid secretion rate and liq-
uid pH were increased upon cAMP/PKA stimulation, that CFTR inhibition reduced 
the rate of liquid secretion (but not the pH), whereas decreasing pendrin activity 
lowered pH with little effect on volume (Garnett et al. 2011). The authors concluded 
that CFTR predominately controls the rate of liquid secretion, whereas pendrin 
regulates the composition of the secreted fluid, thus identifying a critical role for 
this anion exchanger in transcellular HCO3

− secretion in airway serous cells (Garnett 
et al. 2011).

As discussed earlier, another possible beneficial role for pendrin in the airways is 
associated to the transport of SCN−. SCN− is an important physiological anion 
involved in innate defense of mucosal surfaces. SCN− is oxidized by H2O2, a reac-
tion catalyzed by LPO, to produce OSCN−, a molecule with bactericidal or bacterio-
static activity (Fig. 9.2 and Ratner and Prince 2000; Hawkins 2009; Barrett and 
Hawkins 2012). It has been demonstrated that LPO is secreted on the airway surface 
(Gerson et al. 2000; Wijkstrom-Frei et al. 2003), that the airway epithelium has the 
ability to generate H2O2 at the apical membrane through DUOX1 and DUOX2 
(Schwarzer et al. 2004; Forteza et al. 2005) and that polarized preparations of air-
way epithelium transport SCN− from the basolateral to the apical side in a way that 
involves CFTR (Fragoso et al. 2004). Indeed, CF cells show a defective bacterial 
killing due to lack of SCN− transport (Moskwa et al. 2007). Such observations sug-
gest that the LPO/H2O2/SCN− antimicrobial system is present in the airways, where 
it could play an important role in innate defense function, and imply that CFTR 
dysfunction in CF could favor bacterial colonization also by causing a deficit in 
SCN− transport. Other anion channels and transporters could also contribute to the 
OSCN− antimicrobial system by providing an alternate route for SCN− transport. In 
this respect, we demonstrated that stimulation with IL-4 causes a dramatic upregu-
lation of an electroneutral transport for Cl− and SCN−, which is mediated by pendrin 
(Pedemonte et al. 2007).

Summarizing, pendrin may be important as a protective molecule by represent-
ing a route for HCO3

− and SCN− secretion in physiological conditions. Both anions 
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appear to be important as the source of antimicrobial activity (Moskwa et al. 2007; 
Pezzulo et al. 2012). Furthermore, secretion of HCO3

− is required to clear mucus 
secretions (Hoegger et al. 2014). On the other hand, increased expression of pendrin 
in pathological settings has been shown to worsen asthmatic inflammation (Nakao 
et al. 2008; Nakagami et al. 2008), an effect that may involve OSCN−-mediated 
activation of NF-kB (unpublished data). Future studies are needed to elucidate the 
specific role of pendrin in airway pathophysiology and the possible beneficial or 
undesired consequences of its pharmacological modulation.

9.8  Perspectives

After pendrin was identified as a bronchial asthma-related molecule downstream of 
IL-4 and IL-13 signals, our comprehension about its involvement in pulmonary 
dysfunction has been extended. Given its possible pro-inflammatory activity, pen-
drin inhibition appears as a promising therapeutic strategy to treat asthma and other 
chronic respiratory diseases. Therefore, development of highly specific and potent 
pharmacological inhibitors of pendrin is needed. However, since pendrin has been 
also shown to play a role in multiple functions, it will be important to evaluate the 
effect of its inhibition in the lungs and other organs.
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10Transcriptional Regulation 
and Epigenetics of Pendrin

Julia Rozenfeld, Charity Nofziger, Orly Kladnitsky, 
Seth L. Alper, and Israel Zelikovic

Abstract
The SLC26A4 gene’s 21 exons on chromosome 7q31.1 encode the pendrin 
(SLC26A4) Cl−/anion exchanger. SLC26A4 is highly expressed in the epithelial 
cells of kidney, thyroid, inner ear and airways, in which the pendrin polypeptide is 
essential for normal chloride reabsorption, bicarbonate secretion and iodide accu-
mulation. These activities regulate systemic volume and acid-base status, airway 
surface liquid composition, thyroid hormone synthesis and endolymph ion balance. 
SLC26A4 biallelic mutations underlie autosomal recessive Pendred syndrome, a 
major cause of congenital deafness variably accompanied by euthyroid goiter.

Recent studies of transcriptional regulation of pendrin expression have 
revealed that SLC26A4 promoter binding sites for thyroid transcription factors 1 
and 2 (TTF-1/2) and forkhead box transcription factor I1 (FOXI1) are essential 
for cell-specific promoter activity in thyroid and inner ear, respectively. Systemic 
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pH, Cl− concentration, aldosterone, uroguanylin (UGN) and interleukins 4 (IL-4) 
and 13 (IL-13) each modulate pendrin transcription through distinct regulatory 
elements. The SLC26A4 promoter elements regulated by pH, Cl− and aldosterone 
remain undefined, but defined binding sites for heat shock factor 1 (HSF1) and 
signal transducer and activator of transcription protein 6 (STAT6), respectively, 
mediate transcriptional effects of UGN and IL-4/IL-13 on the SLC26A4 pro-
moter. Recent findings also suggest epigenetic regulation of pendrin gene 
expression.

Although the detailed molecular mechanisms of pendrin transcriptional and 
epigenetic regulation remain incomplete, they will provide insight into pendrin 
roles in acid-base, electrolyte and water homeostasis, blood pressure regulation 
and airway function. They will, in addition, influence our understanding and 
potential treatment of hypertension, heart failure, hepatic failure and other fluid 
retention syndromes, and airway diseases such as asthma and chronic obstructive 
lung disease.

10.1  Introduction

10.1.1  The Pendrin Gene (SLC26A4/PDS) and Its Product, 
SLC26A4/Pendrin Protein

Everett et al. (1997) identified the SLC26A4/PDS gene as the locus of mutations 
causing Pendred syndrome, an autosomal recessive disorder characterized by sen-
sorineural hearing loss and enlargement of the thyroid gland (Campbell et al. 2001; 
Reardon and Trembath 1996). The 21 exons SLC26A4 gene resides immediately 3’ 
from the closely homologous SLC26A3/DRA gene on chromosome 7q31.1 (Haila 
et al. 1998), suggesting an ancient gene duplication (Soleimani and Xu 2006). The 
~5 kb SLC26A4 transcript is most highly expressed in thyroid, kidney, inner ear and 
inflamed respiratory epithelium (Everett et al. 1997, 1999; Wall et al. 2003; 
Pedemonte et al. 2007), but is detected also in trophoblasts (Bidart et al. 2000a), 
endometrium (Suzuki et al. 2002), testis (Lacroix et al. 2006), vas deferens (Carlin 
et al. 2006), mammary gland (Rillema and Hill 2003) and the adrenal medulla 
(Fernandez-Lazo et al. 2015). The SLC26A4 transcript encodes the 780 amino acid 
pendrin protein, sharing with other solute carrier (SLC) 26 superfamily proteins the 
predicted topographic disposition of a short N-terminal cytoplasmic domain fol-
lowed by ~14 transmembrane spanning segments and a C-terminal cytoplasmic sul-
fate transporter and anti-sigma-factor-antagonist (STAS) domain (Everett et al. 
1997; Alper and Sharma 2013; Shelden et al. 2010; Dossena et al. 2009; Gorbunov 
et al. 2014). Functional studies in heterologous expression systems have revealed 
that pendrin functions as an electroneutral plasmalemmal anion exchanger 
(Shcheynikov et al. 2008; Reimold et al. 2011). Pendrin functions in the renal corti-
cal collecting duct (CCD) in Cl−/HCO3

− (Royaux et al. 2001; Verlander et al. 2003) 
and Cl−/I− exchange (Kim et al. 2009). Pendrin is also believed to mediate Cl−/
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HCO3
− exchange in the inner ear and respiratory epithelium, and Cl−/I− exchange in 

the thyroid (Nakaya et al. 2007; Garnett et al. 2011; Yoshida et al. 2004).

10.1.2  Pendred Syndrome

Pendred syndrome is the most common form of syndromic deafness and accounts 
for up to 10 % of hereditary deafness (Kopp 2000; Park et al. 2003; Sheffield et al. 
1996). The profound hearing loss in Pendred syndrome is particularly pronounced 
at high frequency, and occasionally accompanied by impaired vestibular function 
(Kopp 2000). It is associated with radiologically detectable enlargement of the ves-
tibular aqueduct (EVA) and with temporal bone abnormalities (Campbell et al. 
2001; Johnsen et al. 1987). Pendred syndrome is further characterized by a thyroi-
dal iodide organification defect variably accompanied by euthyroid goiter (Campbell 
et al. 2001; Reardon and Trembath 1996). Pendrin mutations without thyroid dys-
function are linked to recessive non-syndromic deafness (DFNB4) (Anwar et al. 
2009) with EVA (Choi et al. 2009a). More than 300 different SLC26A4 missense 
mutations have been identified in deaf patients, and many of the protein variants 
encoded by these mutations have been functionally evaluated ((Choi et al. 2009a, b; 
Dai et al. 2009), among many others) by several methodological approaches (see 
Chap. 11 for more information).

10.2  Expression and Function of Pendrin

10.2.1  Pendrin in the Kidney

The CCD plays a vital role in acid-base homeostasis and electrolyte balance, and 
includes principal cells and intercalated cells (types A, B and non-A non-B (Alpern 
et al. 2000; Schwartz 2001)). Pendrin is located at the luminal membrane of B and 
non-A non-B intercalated cells of the CCD (Royaux et al. 2001). Pendrin contrib-
utes to acid-base balance by secreting HCO3

− into the tubular lumen in exchange for 
luminal Cl− (Royaux et al. 2001), and that same Cl− reabsorption regulates body 
fluid homeostasis and blood pressure (Verlander et al. 2003; Quentin et al. 2004; 
Vallet et al. 2006; Wall and Lazo-Fernandez 2015). Pendrin protein expression in 
the apical membrane of B intercalated cells is increased by systemic HCO3

− loading 
and decreased by acid loading (Frische et al. 2003; Petrovic et al. 2003; Wagner 
et al. 2002). Systemic and tubule lumen Cl− concentrations and/or Cl− loads also 
regulate pendrin protein levels and activity (Quentin et al. 2004; Vallet et al. 2006; 
Verlander et al. 2006).

The importance of intercalated cells (and of pendrin, in particular) to systemic 
salt balance and blood pressure regulation has been clearly shown by recent animal 
studies demonstrating: (1) the role of pendrin in the pathogenesis of mineralocorti-
coid and/or angiotensin II-induced hypertension (Verlander et al. 2003, 2011; Pech 
et al. 2007); (2) the functional link between pendrin and Na+ transport mechanisms 
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in the CCD, including the amiloride-sensitive epithelial Na+ channel of the principal 
cell, ENaC (Kim et al. 2007; Pech et al. 2010) and the Na+-driven Cl−/HCO3

− 
exchanger of the B intercalated cell, NDCBE/SLC4A8 (Leviel et al. 2010); (3) Cl−-
sensitive hypertension in mice overexpressing pendrin in intercalated cells (Jacques 
et al. 2013); (4) severe salt wasting and volume depletion in pendrin/NaCl cotrans-
porter (NCC) double knockout mice (Soleimani et al. 2012); and (5) the major role 
of pendrin in the integrated compensatory NaCl reabsorption network activated in 
the kidney of SPAK kinase-deficient (and hence, NCC phosphorylation-absent) 
mouse (Grimm et al. 2015).

Our deletion analysis of the 5’-flanking region of the SLC26A4 gene defined both 
positive and negative regulatory elements in the promoter and proposed a major role 
for these control elements in the epithelial cell-specific, regulated expression of this 
gene in the kidney as well as in the inner ear and thyroid (Adler et al. 2008). We also 
showed that pendrin is transcriptionally regulated by systemic pH and aldosterone 
(Adler et al. 2008; Rozenfeld et al. 2011), by extracellular Cl− concentration (Efrati 
et al. 2007) as well as by the “intestinal natriuretic hormone” uroguanylin (UGN) 
(Rozenfeld et al. 2012, 2013) in renal epithelial cells (see below), further demon-
strating the important role of pendrin in electrolyte balance and blood pressure 
regulation.

It should be noted that in contrast to the impaired inner ear and thyroid function 
in patients with Pendred syndrome, no overt acid-base disturbances such as meta-
bolic alkalosis or electrolyte abnormalities have been detected in these patients 
under unstressed basal conditions. However, two Pendred syndrome patients with 
intercurrent illnesses exhibited unusually severe metabolic alkalosis (Pela et al. 
2008; Kandasamy et al. 2011).

10.2.2  Pendrin in the Inner Ear

In the inner ear, pendrin is expressed in several locations of the cochlea and the 
vestibular apparatus of the mouse inner ear, most abundantly in endolymphatic duct 
and sac (Dou et al. 2004; Choi et al. 2011), whose pendrin-positive cells morpho-
logically resemble the pendrin-expressing non-A non-B intercalated cells of the 
renal CCD (Dou et al. 2004). Pendrin is essential for normal auditory development 
and function, likely by maintaining endolymph volume, pH and ionic composition 
in the endolymphatic sac (Dou et al. 2004; Everett et al. 1999) during a critical time 
window of embryonic development (Wangemann 2011).

There is evidence that the transcription factor forkhead box I1 (FOXI1), which is 
necessary for pendrin expression in type B intercalated cells of the mouse CCD 
(Blomqvist et al. 2004), is also an upstream regulator of the pendrin gene during 
mouse inner ear development (Hulander et al. 2003). A consensus FOXI1 binding 
site is located between nt −889 and −873 of the SLC26A4 promoter (Fig. 10.1), but 
its contributions to pendrin transcriptional regulation remain to be tested. The 
SLC26A4 5’-UTR (untranslated region) polymorphism c.-103 T > C has been found 
as a compound heterozygous variant in trans with a missense loss-of-function 
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mutation (Yang et al. 2007). However, the interpretation of and evidence supporting 
the functional importance of this proposed FOXI1 binding site located within exon 
1 of the SLC26A4 gene have been questioned (Choi et al. 2009a). We have provided 
evidence that pendrin is transcriptionally regulated by systemic pH in inner ear cells 
(Adler et al. 2008) (see Sect. 10.3.1). However, pendrin exact role in inner ear func-
tion, the molecular mechanisms controlling pendrin activity in the inner ear and 
how pendrin defects lead to the anatomical and functional abnormalities observed 
in Pendred syndrome remain under investigation.

10.2.3  Pendrin in the Thyroid Gland

In the thyroid, pendrin resides on the apical membrane of thyrocytes and, by its 
activity as a Cl−/I− exchanger, contributes a variable and sometimes major propor-
tion of I− efflux from the thyroid epithelial cell and accumulation in the follicular 
lumen (Royaux et al. 2000; Scott et al. 1999; Yoshida et al. 2002). Pendred 
syndrome- associated loss-of-function mutations in the pendrin protein impair the 
ability of the thyroid gland to accumulate iodide in the follicular lumen which leads 
to insufficient thyroid hormone synthesis and compensatory goiter in the minority 
of pendrin mutation-associated deaf patients who develop Pendred syndrome 
(Campbell et al. 2001).

Thyroid stimulating hormone (TSH) increased SLC26A4 mRNA expression, and 
pendrin expression and localization were regulated by insulin and influenced by 
PKC-ε–dependent intracellular pathway in the rat-differentiated thyroid cell line PC 
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ATG

−4185

AIE −1.1kb −1.0kb −0.9kb −0.8kb−1.2kb−1.4kb

URE(HSE)
ABRE FOXI1

−1.8kb

STAT6

−1.9kb−2.0kb

TTF1/2

CRE

Fig. 10.1 A schematic model of the 5’-flanking region of the human pendrin gene with details of 
the SLC26A4 promoter region of 600 bp between −0.8 and −1.4 kb and the 200 bp region between 
−1.8 and −2.0 kb. These regions contain functionally significant elements that appear to contribute 
to gene regulation through various modulators and transcription factors, such as the acid-base 
response element (ABRE), aldosterone-induced element (AIE), uroguanylin response element 
(URE), heat shock element (HSE), forkhead box transcription factor I1 (FOXI1), signal transducer 
and activator of transcription protein 6 (STAT6), thyroid transcription factors 1 and 2 (TTF-1/2). 
Also depicted is the putative chloride response element (CRE), likely residing between −2 and 
−4 kb on the promoter. See text for details (Adapted from Rozenfeld et al. (2011) with 
permission)
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C13 (Muscella et al. 2008). Both thyroglobulin (Tg) (Royaux et al. 2000) and thy-
roid transcription factor 1 (TTF-1) (Dentice et al. 2005), a regulator of thyroid dif-
ferentiation in vivo, were found to regulate the expression of pendrin in rat thyroid 
FRTL-5 cells. Our deletion analysis of the 5’-flanking sequence of the human pen-
drin gene demonstrated that transcription factor 1 and 2 (TTF-1 and TTF-2) binding 
sites located between nucleotides (nt) −1946 and −1938 and between nt −1942 and 
−1933, respectively, on the SLC26A4 promoter are essential for the activity of this 
promoter in human thyroid follicular carcinoma (LA2; WRO) cells (Adler et al. 
2008) (Fig. 10.1).

10.2.4  Pendrin in the Airway Epithelium

Pendrin is highly expressed and its activity is upregulated at the apical membrane 
of bronchial epithelial cells following cytokine or antigen exposure, or in models 
of asthma or chronic obstructive lung disease (Pedemonte et al. 2007; Rozenfeld 
et al. 2013; Nakagami et al. 2008; Nakao et al. 2008; Ishida et al. 2012). The 
stimulated Cl−/HCO3

− exchange activity of pendrin results in increased produc-
tion of mucus and increased viscosity of the airway surface liquid (ASL), thereby 
exacerbating airway disease (Nakagami et al. 2008; Nakao et al. 2008). Pertussis 
toxin was recently shown to contribute to pertussis pathology via the upregula-
tion of pendrin, which promotes conditions favoring inflammatory pathology 
(Scanlon et al. 2014). The cytokines interleukin-4 (IL-4) and interleukin-13 (IL-
13), known triggers of airway hyperreactivity and disease, have been found to 
stimulate SLC26A4 mRNA levels in mouse and human airway epithelial cells 
(Nakao et al. 2008; Kuperman et al. 2005) and to upregulate pendrin activity by 
transcriptional activation of the pendrin gene promoter (Rozenfeld et al. 2011; 
Nofziger et al. 2011; Vanoni et al. 2013) (see below). Similarly, interleukin-17A 
(IL-17A) induced pendrin expression and pendrin-mediated Cl−/HCO3

− exchange 
in human bronchial epithelial cells (Adams et al. 2014). A thick ASL volume and 
weak mucin expression were demonstrated in airway epithelial cells from 
patients with SLC26A4 mutations, and both phenomena were refractory to stimu-
lation with IL-13 (Lee et al. 2015).

Of note are studies investigating HCO3
− secretion in human airway submuco-

sal gland cell line, Calu-3, which yielded conflicting results; some studies 
(Garnett et al. 2011) showed an important role for pendrin in HCO3

− secretion in 
this cell line, whereas other studies (Shan et al. 2012; Huang et al. 2012; Kim 
et al. 2014) provided no evidence for pendrin’s involvement in this transport 
process.

Pendrin also functions in the bronchial epithelial cell as a SCN−/Cl− exchanger 
(Pedemonte et al. 2007). Since SCN− is oxidized by leukocytes to the potent antimi-
crobial hypothiocyanite, pendrin-mediated secretion of SCN− into the lumen (in 
exchange for Cl− entering the cell) likely contributes greatly to innate immune 
defense of the mucosal surface (Pedemonte et al. 2007; Adams et al. 2013).
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Interestingly, however, evidence of resistance to respiratory disease has not been 
reported in individuals with pendrin mutations (Madeo et al. 2009). Further informa-
tion regarding the role of pendrin in the airway epithelium can be found in Chap. 9.

10.3  Transcriptional Regulation of Pendrin Activity

10.3.1  Effect of Systemic pH

Ambient pH modulates pendrin mRNA and protein expression in the CCD (Frische 
et al. 2003; Petrovic et al. 2003; Wagner et al. 2002), providing evidence for the 
involvement of pendrin in acid-base homeostasis. Pendrin also plays an important 
role in controlling the acid-base status of the endolymphatic sac (Dou et al. 2004; 
Everett et al. 1999; Griffith and Wangemann 2011). To explore further the molecular 
mechanisms of the regulatory influences of pH on pendrin, we examined the direct 
effect of ambient pH on activity of the SLC26A4 promoter (Adler et al. 2008). For 
this purpose, human embryonic kidney (HEK)293, mouse embryo inner ear ventral 
otocyst-derived (VOT36) and human thyroid follicular carcinoma (LA2; WRO) 
cells were transiently transfected with reporter vectors expressing luciferase under 
the upstream control of SLC26A4 promoter fragments of decreasing length. 
Transfected cells were exposed to acidic pH (7.0–7.1), normal pH (7.35–7.45) or 
alkaline pH (7.6–7.7). Ambient acid pH decreased and alkaline pH increased 
SLC26A4 promoter activity in renal and inner ear cells but not in thyroid cells. 
These results suggest that ambient pH likely plays a role in modulating pendrin 
activity at the transcriptional level in kidney and inner ear, but is without effect in 
the thyroid.

Further fine deletion analysis of the SLC26A4 promoter provided evidence for 
the presence of a putative acid-base response element (ABRE) within the 96 bp 
between nt −1140 and −1044 on the promoter in the kidney and the inner ear 
(Figs. 10.1 and 10.2a, b). The findings are in agreement with the modulatory effects 
of acidosis and alkalosis on pendrin protein activity observed in the rodent kidney 
at the tubular and cellular levels (Verlander et al. 2003; Frische et al. 2003; Petrovic 
et al. 2003; Wagner et al. 2002; Pech et al. 2007) and demonstrate, for the first time, 
that systemic pH may directly regulate at the transcriptional level pendrin-mediated, 
renal tubular Cl− reabsorption and HCO3

− secretion. These data further suggest that 
systemic pH may modulate endolymph pH by directly regulating pendrin gene 
transcription.

The 96 bp stretch of the SLC26A4 promoter harboring the putative pH-response 
element (ABRE) is a region without previously known pH-sensitive elements, but 
contains binding sites for transcription factors known to be regulated by mitogen- 
activated protein kinase (MAPK) signaling pathways, including Elk-1, c-Jun, acti-
vating transcription factor-2 (ATF-2), cAMP response element-binding (CREB), 
nuclear factor of activated T cells-4 (NFAT-4), c-Myc and N-Myc, among others. 
Thus, the MAPK pathway may be involved in pH-induced modulation of the 
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pendrin gene promoter, just as it has been implicated in regulation of other H+ and 
HCO3

− transporting pathways (Li et al. 2004; Gluck 2004; Espiritu et al. 2002). 
Alternatively, a direct effect of ambient pH-mediated alterations in intracellular pH 
on this pH-response element residing on the SLC26A4 promoter cannot be 
excluded. It should be noted that the ABRE overlaps with the heat shock element 
(HSE)-containing hypothetical uroguanylin response element (URE) on the 
SLC26A4 promoter (see below; Fig. 10.1). It is, therefore, of great interest to 
explore whether the heat shock system is involved in pH-induced modulation of 
the pendrin gene. Further studies are needed to elucidate the exact location and the 
molecular nature and regulation of this novel pH-response element.
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Fig. 10.2 Effect of ambient pH (a, b) and of aldosterone (c, d) on the human SLC26A4 promoter 
in HEK293 cells. (a, c) schematic representation of the DNA constructs of SLC26A4 promoter in 
the luciferase reporter vector, pGL3-basic, used in these experiments. ABRE, putative acid-base 
response element; AIE, putative aldosterone-induced element. (b, d) cells were transfected with 
pGL3-basic or pGL3-basic containing segments of decreasing size corresponding to the 5’-flank-
ing region of SLC26A4 (pL1.4, pL1.3, pL1.2, pL1.1 and pL1). Cells were exposed to acidic pH 
(7.0–7.1) or alkaline pH (7.6–7.7) (b) or to 10−8 M aldosterone (d) for 24 h. Subsequently, lucifer-
ase activity was measured. To control for transfection efficiency, cells were cotransfected with the 
LacZ-containing vector, pCH110, and luciferase activity was normalized to β-galactosidase activ-
ity. Data represent the % change in luciferase activity in cells exposed to experimental media (with 
acidic pH, alkaline pH or aldosterone) relative to cells exposed to control medium (pH 7.35–7.45 
without aldosterone). Values are mean ± standard error of the mean of three to five independent 
quadruplicate experiments. Acidic pH-induced inhibition and alkaline pH-induced stimulation of 
luciferase activity were evident in HEK293 cells, which markedly decreased when the fragment 
size was shortened from 1.1 to 1 kb (b). Aldosterone-induced inhibition of luciferase activity was 
demonstrated in HEK293 cells, which markedly diminished when the fragment size was truncated 
from 1.3 to 1.2 kb (d). *P < 0.01 (Adapted from Rozenfeld et al. (2011) with permission)
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Our findings on the effects of ambient pH on the SLC26A4 promoter in trans-
fected renal cells were further supported by our experiments demonstrating acid- 
induced inhibition and alkali-induced stimulation of endogenous SLC26A4 mRNA 
levels in renal HEK293 cells (Adler et al. 2008).

10.3.2  Effect of Aldosterone

Aldosterone modulates pendrin protein and mRNA expression in the CCD 
(Verlander et al. 2003; Mohebbi et al. 2013). To explore the molecular mecha-
nisms of this aldosterone-induced effect on pendrin activity, we examined the 
direct effect of aldosterone on the SLC26A4 promoter (Adler et al. 2008). To 
this end, HEK293 as well as LA2 (WRO) and VOT36 cells were transiently 
transfected with SLC26A4 promoter fragments of different lengths, as above, 
and exposed to 10−8 M aldosterone. Aldosterone caused a marked decrease in 
SLC26A4 promoter activity in HEK293 cells without altering pH of the exper-
imental medium (7.35–7.45). Aldosterone had no effect on SLC26A4 promoter 
activity in transfected LA2 and VOT36 cells. Taken together, these results 
suggest that aldosterone may directly affect the SLC26A4 promoter to tran-
scriptionally modulate pendrin activity in the kidney, but not in thyroid and 
inner ear.

Further fine deletion analysis of the SLC26A4 promoter provided evidence for 
the presence of a putative aldosterone response element (AIE) likely residing within 
the 89 bp between nt −1342 and −1253 on this promoter (Figs. 10.1 and 10.2c, d). 
This promoter region also contains a mineralocorticoid receptor (MR) binding site 
between positions −1293 and −1287 (Rozenfeld et al. 2011). Additional aldosterone- 
sensitive sites within this 89 bp sequence remain undefined.

Reverse transcription PCR analysis detected MR mRNA in the aldosterone- 
responsive HEK293 cells, but not in the aldosterone-unresponsive cell lines LA2 
and VOT36 (Adler et al. 2008). The association of aldosterone-regulated promoter 
activity with the presence of MR in HEK293 kidney cells suggests that aldosterone 
influences pendrin gene activity directly via the genomic pathway, and this may 
reflect the biology of the intact kidney. In line with this kidney-specific inhibitory 
effect of aldosterone on SLC26A4 promoter activity, was our finding demonstrating 
an aldosterone-induced decrease in endogenous pendrin mRNA levels in renal 
HEK293 cells (Adler et al. 2008).

Taken together, these findings demonstrated for the first time that aldoste-
rone may regulate pendrin-mediated HCO3

− secretion at the transcriptional 
level. Moreover, our finding of isolated, aldosterone-induced direct inhibition 
of the pendrin gene promoter – as opposed to the complex aldosterone/alkalo-
sis-induced stimulation of pendrin activity demonstrated in vivo (Verlander 
et al. 2003) – is in concert with the net H+ secretion and HCO3

− reabsorption 
associated with aldosterone action (Gennari and Maddox 2000; Hamm and 
Nakhoul 2008).
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10.3.3  Effect of Ambient Cl−

10.3.3.1  Effect in Kidney
Recent studies indicate that Cl−, in addition to Na+, has an important specific role in 
determining the extracellular fluid volume and blood pressure, and that pendrin- 
driven Cl− reabsorption in β intercalated cells of the CCD is pivotal in mediating this 
physiological effect of Cl− (Wall and Lazo-Fernandez 2015; Eladari et al. 2012; 
McCallum et al. 2015; Knepper 2015).

Systemic Cl− depletion increases and Cl− excess decreases pendrin protein abun-
dance in rodent kidney (Quentin et al. 2004; Vallet et al. 2006; Verlander et al. 2006; 
Mohebbi et al. 2013), but little is known of the molecular mechanisms by which 
Cl− regulates pendrin activity. Therefore, we investigated the effect of Cl− concen-
tration changes on pendrin gene expression and the direct effect of Cl− on SLC26A4 
promoter activity in the kidney (Efrati et al. 2007). In a series of in vivo and in vitro 
experiments, we have demonstrated a Cl−-induced decrease in pendrin mRNA and 
protein expression in mouse kidney, a Cl−-dependent decrease in pendrin mRNA in 
HEK293 cells, as well as a high Cl− concentration–induced decrease and a low Cl− 
concentration–induced increase in SLC26A4 promoter activity in transfected 
HEK293 cells. The findings suggested that a putative “chloride response element” 
(CRE) likely resides between −2 and −4 kb on the promoter (Fig. 10.1). A possible 
role for the Cl− sensor WNK kinases (Piala et al. 2014) in regulating the apparent 
CRE of the pendrin promoter remains to be determined.

Taken together, these findings show that the response to Cl− occurs along the 
entire pathway of pendrin biosynthesis: from changes in activity of its gene pro-
moter, to changes in mRNA level and finally to changes at the level of pendrin 
protein abundance. The effect of ambient Cl− on pendrin transcriptional activity 
demonstrated by us may play an important role in extracellular fluid homeostasis 
and blood pressure control in health and disease.

10.3.3.2  Effect in Thyroid
The modulators of acid-base and electrolyte balance used in our studies, namely, 
ambient pH and aldosterone, had no effect on the SLC26A4 promoter activity in the 
thyroid cell line LA2 (see above). This finding is not surprising considering that 
acid-base conditions are not known to regulate thyroid hormone metabolism and 
that the thyroid gland does not contain aldosterone-responsive epithelial cells.

Pendrin functions in both thyroid gland (Royaux et al. 2000; Scott et al. 1999; 
Yoshida et al. 2002) and kidney (Reimold et al. 2011) as an exchanger of Cl− and I−. 
Previous studies showed that ambient iodide level regulates pendrin activity in the 
thyroid (Rozenfeld et al. 2011), but the effect of ambient Cl− on this activity is 
unknown. Therefore, we have investigated whether ambient Cl− influences thyroidal 
pendrin activity and whether this effect occurs at the level of transcription of the 
pendrin gene. We have demonstrated a high Cl− concentration–induced decrease 
and a low Cl− concentration-induced increase in SLC26A4 promoter activity in 
reporter-transfected LA2 cells (unpublished data). Further studies examining the 
modulatory effect of Cl− and I− on pendrin activity and transcription in thyrocytes 
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and collecting duct intercalated cells may improve our understanding of the molecu-
lar pathways of iodide transport, and may help to clarify the role of pendrin in 
iodide balance.

10.3.4  Effect of Uroguanylin

Guanylin (GN) and UGN are low-molecular weight peptide hormones produced 
mainly in the intestinal mucosa in response to oral salt load. GN and UGN resemble 
in structure and activity the secretory diarrhea-causing heat-stable enterotoxin (STa) 
of Escherichia coli (Forte et al. 1996) and induce secretion of electrolytes and water 
in both the intestine and kidney (Kita et al. 1999; Sindic and Schlatter 2006). GN 
and UGN are co-expressed along the intestinal tract with guanylyl cyclase C (GC- 
C), the principal GN receptor (Kita et al. 1994). Salt ingestion induces secretion of 
GN and UGN into the intestinal lumen, and both hormones activate GC-C-mediated 
intestinal secretion of electrolytes and water (Sindic and Schlatter 2006).

10.3.4.1  Effect in Kidney
GN and UGN play a major role in the regulatory link between the intestine and the 
kidney by increasing urinary NaCl and water excretion in response to enteral (but 
not intravenous) intake of NaCl, thereby serving as “intestinal natriuretic factors” 
(Kita et al. 1999; Sindic and Schlatter 2006; Fonteles et al. 1998). The effect of the 
GN peptides on renal electrolyte and water handling is achieved via both endocrine 
and paracrine/autocrine mechanisms (Sindic and Schlatter 2006, 2007; Fonteles and 
Falcao do Nascimento 2011; Moss et al. 2008; Qian et al. 2008; 2011; Carrithers 
et al. 2004; Mueller and Dieplinger 2012). The mode of action and signaling path-
ways for UGN differ according to nephron segment. UGN promotes natriuresis in 
the proximal tubule via GC-C-mediated, cGMP- and protein kinase G-dependent 
modulation of Na+/H+ exchange, K+ channels and Na+-K+-ATPase. In contrast, the 
natriuretic effect of UGN on CCD principal cells involves PLA2-mediated inhibi-
tion of ROMK (Rozenfeld et al. 2013; Sindic and Schlatter 2006; Carrithers et al. 
2004; Forte 2003; Potthast et al. 2001; Sindic et al. 2005). However, despite accu-
mulating data on renal expression and function of GN peptides, the cellular and 
molecular pathways mediating UGN action in the CCD remain poorly understood.

Considering the major role of both GN peptides and pendrin in the regulation of 
total body NaCl content, maintenance of extracellular fluid volume and control of 
blood pressure, we investigated UGN modulation of pendrin expression and 
explored the molecular mechanisms responsible for this modulation (Rozenfeld 
et al. 2012). We first showed that injection of UGN into mice resulted in decreased 
renal expression of pendrin mRNA and protein. UGN also decreased endogenous 
pendrin mRNA levels in HEK293 cells (Rozenfeld et al. 2012). We next examined 
possible modulation by UGN of human SLC26A4 transcription at the level of the 
SLC26A4 promoter (Rozenfeld et al. 2012).

For this purpose, SLC26A4 promoter fragments of decreasing length were cloned 
into luciferase reporter vectors and transiently transfected into HEK293 cells. 
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Exposure of transfected cells to UGN decreased SLC26A4 promoter activity 
(Rozenfeld et al. 2012). Fine deletion analysis of the SLC26A4 promoter provided 
evidence for the presence of a putative URE located within the 52 bp between nt 
−1153 and −1101 (Rozenfeld et al. 2012) (Fig. 10.1). Further truncation and muta-
tion analyses of this promoter sequence suggested that UGN modulates SLC26A4 
activity by a mechanism that requires an HSE located between nt −1119 and −1115 
on the promoter (Fig. 10.3a, b) (Rozenfeld et al. 2012).

In subsequent experiments, we showed the expression of mRNA encoding heat 
shock factor 1 (HSF1, a transcription factor that recognizes the HSE motif; see 
below) in HEK293 cells, and demonstrated that transfection of HSF1 small interfer-
ing RNA (siRNA) markedly reduced endogenous HSF1 mRNA levels in HEK293 
cells (Rozenfeld et al. 2012). We then showed that a 30 % reduction in SLC26A4 
mRNA levels by UGN treatment of HEK293 cells transfected with control siRNA 
was completely abolished in HEK293 cells transfected with HSF1 siRNA 
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Fig. 10.3 Role of a defined heat shock element (HSE) in the effect of UGN on the SLC26A4 
promoter in HEK293 cells. (a) effect of UGN on the 1.4 kb 5’-flanking region. Cells were trans-
fected with 0.3 μg pGL3-basic or 0.3 μg pGL3-basic containing the 1.4 kb 5’-flanking region of 
SLC26A4 (pL1.4) or 0.3 μg pL1.4 harboring a point-mutated HSE site (pL1.4mut). Cells were 
exposed to 1 μM UGN or control medium for 24 h and luciferase activity was then measured. (b) 
effect of UGN on the 110 bp HSE-containing DNA region. Cells were transfected with 0.3 μg 
pGL3-SV40 minimal promoter vector or 0.3 μg pGL3-SV40 containing the 110 bp SLC26A4 
promoter fragment with a wild-type HSE site (pJpr110) or 0.3 μg pJpr110 harboring a point- 
mutated HSE site (pJpr110mut). Cells were exposed to UGN or control as in (a), and luciferase 
activity was measured. Luciferase activity in (a, b) was normalized to β-galactosidase activity. 
Data represent the % change in luciferase activity in cells exposed to experimental medium (with 
1 μM UGN) relative to cells exposed to control medium (without UGN). Whereas UGN inhibited 
luciferase activity in cells transfected with the wild-type 1.4 kb promoter fragment (a) or the wild- 
type 110 bp fragment (b), mutating the HSE site in either of these fragments markedly diminished 
the UGN-induced effect. Values are mean ± standard error of the mean of three to five independent 
quadruplicate experiments. *P < 0.05 (Adapted from Rozenfeld et al. (2012) with permission)
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(Fig. 10.4). These findings provided strong evidence for involvement of HSF1 in 
regulation of the SLC26A4 gene by UGN.

Heat shock factors (HSFs) comprise a group of transcription factors that regulate 
the heat shock response (HSR) by binding to specific HSEs which were first defined 
upstream of cytoprotective heat shock genes including heat shock protein (HSP)70, 
HSP90, HSP27 and other molecular chaperonins of the HSR network (Anckar and 
Sistonen 2007; Morimoto 2008; Morimoto and Santoro 1998). While the role of the 
HSF/HSE system in regulating the activity of HSPs mediating the HSR has been 
well established, the full range of biological target genes for the HSFs, particularly 
in the kidney, remains to be established. Our study is the first report of a mammalian 
kidney solute transporter transcriptionally regulated by the HSF/HSE system in a 
hormone-specific manner.
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Fig. 10.4 Effect of heat shock factor-1 (HSF1) small interfering RNA (siRNA) on endogenous 
SLC26A4 mRNA levels in UGN-treated HEK293 cells. HEK293 cells were transfected with HSF1 
siRNA or control siRNA before treatment with medium containing or lacking UGN (1 μM). 
Subsequently, total RNA was extracted, and real-time PCR analysis of the SLC26A4 mRNA was 
performed. Results represent SLC26A4 mRNA in cells transfected with HSF1 siRNA compared 
with cells treated with control siRNA (left), cells transfected with control siRNA and exposed to 
UGN-containing medium relative to control siRNA-transfected cells exposed to medium without 
UGN (middle), or cells transfected with HSF1 siRNA and exposed to UGN-containing medium 
relative to HSF1 siRNA–transfected cells exposed to medium without UGN (right). Values were 
normalized to the housekeeping gene encoding the TATA Box Binding Protein (TBP). Values are 
mean ± standard error of the mean of four independent experiments, each performed in duplicate. 
HSF1 siRNA transfection reduced HSF1 mRNA expression by 76 % (not shown). HSF1 siRNA 
transfection had no effect on SLC26A4 mRNA level (left), UGN reduced SLC26A4 mRNA level by 
30 % in cells transfected with control siRNA (middle), whereas SLC26A4 mRNA level remained 
unchanged in UGN-treated cells transfected with HSF1 siRNA (right). *P < 0.05 (Adapted from 
Rozenfeld et al. (2012) with permission)
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An evolutionary precedent of this transcriptional regulation is exhibited by the 
intestinal GN system of teleost fish, which plays an important role in seawater adap-
tation (Forte 2003; Comrie et al. 2001; Yuge et al. 2003). UGN mRNA is upregu-
lated in the intestine and kidney of eels upon seawater exposure (Comrie et al. 2001; 
Yuge et al. 2003). The primary structure of UGN, conserved throughout vertebrate 
evolution, suggests that UGN-mediated regulation of systemic NaCl balance is the 
mammalian counterpart of UGN-mediated osmoregulation in teleost fishes of both 
fresh and salt water environments (Forte 2003). Our findings demonstrating the 
involvement of the stress-stimulated HSF/HSE axis in the UGN-induced modula-
tion of pendrin gene transcription support this notion. These findings also raise the 
possibility of an adaptive chloriuretic response to osmotic or salt load stress medi-
ated in the kidney by this novel UGN-HSR-pendrin pathway.

Taken together, our findings have identified the pendrin Cl−/HCO3
− exchanger of 

the β intercalated cells of the CCD as an important renal target of UGN, have defined 
a novel enterorenal link controlling electrolyte and water homeostasis and have pro-
vided a possible novel explanation for a significant part of UGN-induced chloriure-
sis (Fig. 10.5). However, the identity of the intercalated cell membrane receptor that 
binds UGN and the signaling pathway by which UGN triggers HSF1 binding to the 
HSE of the SLC26A4 promoter to repress transcription both remain to be clarified.

10.3.4.2  Effect in Airways
The GN family of GC-C/cGMP-regulating peptides is expressed in airway epithe-
lium and plays a role in airway function (Rozenfeld et al. 2013; Forte 2004; Cetin 
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Fig. 10.5 A schematic model of the transcriptional inhibition of the pendrin gene (SLC26A4) 
promoter by uroguanylin (UGN) in β intercalated cells of the cortical collecting duct. This effect 
of UGN is achieved via heat shock factor 1 (HSF1) active at a defined heat shock element (HSE) 
site on the promoter. The membrane-associated receptor that binds UGN and the signal transduc-
tion pathway whereby UGN triggers HSF1 binding to HSE remain unidentified. vH+-ATPase, 
vacuolar type H+-ATPase (proton pump); ClC-Kb, voltage-gated Cl− channel-Kb. Not shown are 
basolateral barttin and apical SLC4A8 (Adapted from Rozenfeld et al. (2013) with permission)
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et al. 1995; Krause et al. 1990; Kulaksiz et al. 2002; Ohbayashi and Yamaki 2000; 
Zhang et al. 1998). GN/UGN and the GC-C receptor have been identified in the api-
cal membrane of bronchiolar non-ciliated secretory (Clara) cells of rodents (Cetin 
et al. 1995; Krause et al. 1990). GN peptides operating via the GC-C/cGMP path-
way were found to activate Cl− conductance in human airway epithelium through 
both the CFTR (Kulaksiz et al. 2002) and other Cl−-conductive pathways (Zhang 
et al. 1998). GN peptides also exert beneficial effects on airways in a guinea pig 
model of asthma and relaxant effects on ovalbumin-induced bronchoconstriction 
and leukotriene C4-induced airway microvascular leakage (Ohbayashi and Yamaki 
2000; Fruhbeck 2012; Ohbayashi et al. 1998). As discussed above, pendrin is highly 
expressed in inflamed airway epithelia and has been implicated in airway function 
and disease (Pedemonte et al. 2007; Rozenfeld et al. 2013; Nakagami et al. 2008; 
Nakao et al. 2008; Scanlon et al. 2014).

However, nothing is known about a regulatory or functional link between the 
UGN and pendrin systems in the airways.

10.3.5  Effect of IL-4 and IL-13

Upregulation of pendrin expression by IL-4 and IL-13 results in increased produc-
tion of mucus and increased viscosity of the ASL (Nakagami et al. 2008; Nakao 
et al. 2008). To investigate the molecular mechanisms responsible for the effect of 
IL-4 and IL-13 on pendrin expression, we examined the effect of these cytokines 
on the SLC26A4 promoter (Nofziger et al. 2011; Vanoni et al. 2013). To this end, 
SLC26A4 promoter fragments of decreasing size, cloned into luciferase reporter 
vectors, were transfected into HEK-Blue cells. Stimulation of these cells with IL-4 
and IL-13 markedly increased SLC26A4 promoter activity, that was maximal with 
a construct containing 1894 bp of the SLC26A4 5’-flanking region.

IL-4 and IL-13 regulate gene transcription through activation of the transcription 
factor signal transducer and activator of transcription protein 6 (STAT6; also known as 
IL-4 nuclear activated factor, IL-4NAF). STAT6 exerts its activity by binding to the 
N4GAS motif (consisting of 5’ TTC(N4)GAA 3’ where N is any nucleotide) on the 
promoter of the target gene (Mikita et al. 1996; Ehret et al. 2001). Having identified 
two STAT6 DNA binding sequences at positions −3472 to −3463 (motif 1) and −1812 
to −1803 (motif 2) on the SLC26A4 promoter, we examined the involvement of these 
cis-acting elements in the IL-4/IL-13–induced effect on the promoter (Nofziger et al. 
2011; Vanoni et al. 2013). We first demonstrated loss of IL-4/IL-13 activity on the 
SLC26A4 promoter in STAT6-deficient HEK293 Phoenix cells. Mutation of motif 2 of 
the SLC26A4 promoter rendered the promoter insensitive to IL-4/IL-13, while fusion 
of wild-type motif 2 with an IL-4/IL-13–unresponsive promoter sequence conferred 
cytokine sensitivity to the unresponsive promoter. Motif 1 was found to have no func-
tional consequence on basal or IL-4–stimulated SLC26A4 promoter activity.

Taken together, these studies provide strong evidence for the importance of 
the STAT6 pathway in the transcriptional regulation of the pendrin gene by IL-4 
and IL-13.
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10.4  Epigenetic Regulation of Pendrin Activity

10.4.1  Background

Pendrin expression varies greatly among cell types and as a function of various 
physiological and/or pathological states. The mechanisms underlying these differ-
ences undoubtedly include a component of epigenetic regulation, including herita-
ble alterations in gene expression that do not alter the DNA sequence (Wu and 
Morris 2001; Sharma et al. 2010). As opposed to the irreversible nature of genetic 
events, which introduce changes in the primary DNA sequence, epigenetic modifi-
cations are reversible and leave the original DNA sequence intact. The complex 
pattern of silenced/expressed gene regions that exists within the genome of a single 
cell type is tightly regulated by epigenetic modifications including DNA methyla-
tion, histone modification and non-coding RNAs.

Cytosine methylation involves DNA methyltransferase (DNMT)–mediated 
transfer of methyl groups from S-adenosyl methionine (SAM) to position 5 of the 
pyrimidine ring of cytosine, yielding the product 5-methylcytosine (5mC). Cytosines 
followed by guanines in the linear DNA sequence (cytosine-phosphate-guanine, 
CpG) are the most common targets for methylation, although other nucleotides can 
also undergo methylation. 5mC can be further metabolized into 
5- hydroxymethylcytosine (5-hmC) via ten-eleven translocation (TET) enzymes, the 
role of which in epigenetic regulation has been increasingly studied within the 
recent years (Tahiliani et al. 2009).

Post-translational modification of histones (including but not limited to acetyla-
tion, methylation, phosphorylation, ubiquitination and sumoylation) determines 
chromatin compactness, which in turn governs chromatin accessibility to transcrip-
tional machinery. In general, histone acetylation and deacetylation respectively acti-
vate or inactivate gene transcription; histone methylation, in contrast, can regulate 
gene activity either positively or negatively (Rothbart and Strahl 2014).

Whereas DNA methylation and histone modifications determine transcript 
expression by regulating activity of ongoing gene transcription, micro-RNAs (miR-
NAs) (a type of non-coding RNA) dictate the amount of mRNA available for trans-
lation after transcription (He and Hannon 2004). In other words, miRNAs are 
capable of degrading newly made transcripts, so that less (or none) of the total pool 
is available for translation into functional protein.

All the aforementioned types of epigenetic regulation have been linked to diverse 
pathological states, especially cancer, and multiple therapeutic drugs targeting vari-
ous molecular entities driving epigenetic changes have either been approved for 
clinical use or are under clinical development (Campbell and Tummino 2014).

10.4.2  Epigenetics of Pendrin in Thyroid Carcinoma

Carcinoma of the thyroid is the most common endocrine malignancy. Epigenetic 
modification plays a major role in thyroid carcinomas of histologic types 
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unresponsive to conventional therapeutic intervention, especially thyroid ablation 
by radioactive I−, with the follicular lumen as site of action (reviewed in (Catalano 
et al. 2012)). Pendrin normally drives I− exit from the thyrocyte into the follicular 
lumen, where it is organified for subsequent production of the thyroid hormones T3 
and T4 (refer to Chaps. 6 and 7 for further information). It is therefore plausible to 
hypothesize pendrin as one of the culprits that manifests or contributes to these 
therapeutic insensitivities. Indeed, most studies have shown that the expression of 
both pendrin mRNA and protein is lower or absent in cancerous thyroid tissue com-
pared to normal thyroid tissue, dependent on the type of thyroid carcinoma type and 
heterogeneity (Arturi et al. 2001; Bidart et al. 2000b; Porra et al. 2002).

The immediate 5’-UTR of pendrin contains just under 100 CpG sites (Fig. 10.6). 
To gain insight into the mechanism of decreased pendrin expression in thyroid car-
cinoma tissues, Xing and collaborators qualitatively assessed the methylation status 
of a small region of the pendrin promoter (CpG sites 75, 74, 73 and 72 in Fig. 10.6) 
in numerous thyroid cancer cell line models, as well as human thyroid tumors (Xing 
et al. 2003). They found that methylation of this region of the pendrin 5’-UTR cor-
related with decreased pendrin mRNA expression in the majority of tumor tissues, 
consistent with the gene silencing effect of CpG site methylation.

Changes in pendrin gene expression may not be required, or may not be the only 
requirement, for thyroid carcinomas to regain susceptibility to radioactive I−. For 
example, increased expression and/or activity of the Na+/I− symporter (NIS) (medi-
ating the intracellular uptake of I− in the thyrocyte) can confer sensitivity to radioac-
tive I−. This was evidenced by Kitazono and collaborators in multiple thyroid cancer 
cell line models (of follicular and anaplastic origin), in which the expression of NIS 
was increased following treatment with the histone deacetylase (HDAC) inhibitor, 
depsipeptide (also known as romidepsin) (Kitazono et al. 2001). Zarnegar and col-
laborators imposed a similar pharmacological maneuver in thyroid tumor cell lines 
of various origin (follicular, papillary and Hürthle) with a separate HDAC inhibitor, 
trichostatin A (Zarnegar et al. 2002). Despite an increase in NIS gene expression, 
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pendrin mRNA expression decreased in this latter study. However, pendrin mRNA 
was not assessed by Kitazono and collaborators (Kitazono et al. 2001), and the abil-
ity to mediate I− accumulation was not assessed in the study of Zarnegar and col-
laborators (Zarnegar et al. 2002). Moreover, the isoform specificities of HDAC 
inhibition by depsipeptide and trichostatin A differ (West and Johnstone 2014). 
Therefore, the impact of histone modification on pendrin gene expression is difficult 
to predict, as is the consequence of histone modification in thyroid cancer cells on 
their ability to accumulate I−.

In view of the involvement of HSF1 in regulation of the pendrin gene by UGN 
(see above), it is noteworthy that the HSFs have been recently shown to act as epi-
genetic regulators in cell cycle-related processes (Das and Bhattacharyya 2014; 
Vihervaara et al. 2013). Das and collaborators (Das and Bhattacharyya 2014) pro-
vided evidence that HSF1-mediated expression of Huntington Yeast Partner K 
(HYPK; a chaperone protein known to participate in diverse biological processes 
including cell cycle and cell growth) involves histone modification. By analyzing 
the genome-wide transcriptional response to stress in human cells, Vihervaara and 
collaborators (Vihervaara et al. 2013) demonstrated that HSF2 is an epigenetic 
regulator directing transcription throughout cell cycle progression by modulating 
chromatin compaction and accessibility. Whether HSF1-mediated modulation of 
SLC26A4 activity involves epigenetic regulation is a subject for future 
investigation.

10.4.3  Epigenetics of Pendrin in Other Organs

Relatively speaking, basal expression levels of pendrin are much less in lung epithe-
lial cells compared to that in intercalated cells of the renal CCD. This observation 
was confirmed in two continuous cell line models of the kidney (HEK-Blue) and 
lung (NCI-H292): HEK-Blue cells expressed >5-fold higher levels of pendrin 
mRNA than in NCI-H292 cells (Nofziger et al. 2011). To gain insight into the mech-
anisms underlying these differences, we quantitatively assessed the extent of CpG 
site methylation within a region of the pendrin 5’-UTR (Fig. 10.6) (Lee et al. 2011). 
While the degree of methylation at the majority of CpG sites was significantly dif-
ferent between the two cell lines, the differences at most sites were minimal to mod-
est, suggesting that other epigenetic mechanisms likely account for the difference in 
pendrin mRNA expression. The most unexpected finding from this study was the 
60 % difference in methylation at two particular CpG sites (sites 91 and 90) located 
adjacent to a consensus sequence required for IL-4– and IL-13–induced increases in 
pendrin mRNA production (see Chap. 9 for further information) (Nofziger et al. 
2011; Vanoni et al. 2013). Interestingly, NCI-H292 cells are much more IL-4–sensi-
tive than HEK-Blue cells in terms of increased pendrin gene activity (Lee et al. 
2011). This sensitivity may in part reflect the lower extent of methylation of CpG 
sites 91 and 90 in NCI-H292 cells than HEK-Blue cells.

To date, no direct evidence in terms of post-transcriptional epigenetic regulation, 
i.e., regulation by miRNAs, of pendrin is available.
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10.5  Transcriptional Regulation of Other SLC26 Genes

Transcriptional regulation of other SLC26 genes has been reported. The basal activ-
ity of the SLC26A3/DRA promoter in Caco-2 and LS174T colon carcinoma cells is 
sustained by nuclear factor HNF-4 (Alrefai et al. 2007). Sodium butyrate stimulates 
this activity by increasing binding of the zinc finger transcription factors Yin Yang 1 
(YY1) and GATA to defined cis-elements, whereas interferon gamma (IFN-γ) 
reduces transcriptional activity (Alrefai et al. 2007). The effect of IFN-γ is mediated 
through an IFN-γ response element containing a critical STAT1 binding site at nt 
−933 to −925, mutation of which abrogated the inhibitory activity of IFN-γ (Saksena 
et al. 2010). An IFN-γ inhibitory response element active in Caco-2 cells was also 
found in the SLC26A6 promoter between nt −318 and −300. This is consistent with 
inflammatory suppression of both intestinal Cl− reabsorption and HCO3

− secretion. 
Lactobacilli exert an anti-inflammatory action on enterocytes. Raheja and collabo-
rators demonstrated that exposure of Caco-2 cells or intact mice to lactobacilli 
increased SLC26A3 promoter activity in parallel with increased surface expression 
of the protein (Raheja et al. 2010). The transcriptional elements involved remain 
undescribed. Studies using intestinal epithelial Caco-2 cells have demonstrated 
stimulation of SLC26A3/DRA gene transcription by lysophosphatidic acid (LPA) 
(Singla et al. 2012) and all-trans-retinoic acid (ATRA) (Priyamvada et al. 2015) via 
c-FOS- and HNF-1β-dependent pathways, respectively, raising the possibility that 
these two compounds may act as anti-diarrheal agents.

Transcriptional regulation of the pendrin gene by IFN-γ in respiratory tract has 
not been reported. However, like the SLC26A4/pendrin gene, the outer hair cell gene 
encoding the mechanotransducer protein SLC26A5/prestin is induced during devel-
opment by thyroxine. Thyroxine activates SLC26A5 gene transcription through the 
TRβ receptor (Winter et al. 2006). SLC26A3/DRA mRNA abundance in Caco-2 
colon carcinoma cells is also increased by thyroxine by an unknown mechanism 
(Alrefai et al. 2001).

The SLC26A2/DTDST sulfate/anion exchanger is induced during differentiation 
of C3H10T1/2 chondrocytes by bone morphogenetic protein-2 (BMP-2). The 
SLC26A2 promoter contains a TATA box preceded by a GC-rich region with two 
specificity protein-1 (SP-1) binding sites and a core binding factor alpha 1 (CFBA1) 
binding site. Basal transcriptional activity required the region between nt −309 and 
−275, containing a xenobiotic responsive element (XRE). BMP-2 enhancement of 
transcriptional activity was associated with increased binding of undefined nuclear 
proteins to a fragment including this XRE (Kobayashi et al. 1997).

Colonic expression of the SLC26A2/DTDST gene is also decreased in colon can-
cer, in parallel with decreased expression of sialyl 6-sulfo-Lewisx antigen. This 
transformation-associated downregulation, as well as engineered suppression of 
transcription, is associated with markedly increased growth rate. However, most 
cultured colon carcinoma cells exhibit increased SLC26A2 expression after treat-
ment with inhibitors of HDAC, consistent with epigenetic control of gene expres-
sion (Yusa et al. 2010). Direct transcriptional regulation of SLC26A2 has not been 
reported.
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10.6  Potential Therapeutic Implications of Pendrin Gene 
Modulation

Collectively, the accumulating data on the major role of pendrin in the regulation of 
fluid and electrolyte balance and the control of blood pressure (see above), includ-
ing its interaction with several Na+-dependent transport processes in the distal tubule 
(Kim et al. 2007; Pech et al. 2010; Leviel et al. 2010; Soleimani et al. 2012; Grimm 
et al. 2015), raise the possibility that specific inhibitors of pendrin, including new 
drugs modulating pendrin activity at the transcriptional or epigenetic levels, may 
have a strong diuretic effect in conditions associated with elevated blood pressure 
and fluid retention states such as renal failure, heart failure and hepatic disease.

It remains to be determined whether the GN peptides, with their natriuretic/
diuretic action, in general, and their pendrin inhibiting/chloriuretic effect, in par-
ticular (Fig. 10.5), may themselves become candidate diuretic agents. It is notewor-
thy, in this regard, that patients with chronic renal failure (Nakazato et al. 1994; 
Fukae et al. 2000), glomerulonephritis (Kinoshita et al. 1997) and nephrotic syn-
drome (Kinoshita et al. 1997) display increased plasma levels of GN peptides. In 
some of these disease states, such as in nephrotic syndrome (Kinoshita et al. 1997; 
Kikuchi et al. 2005), UGN may be mobilized to act as a compensatory natriuretic 
factor in the setting of powerful and pathological salt retention stimuli.

In view of the inhibitory effect of UGN on pendrin gene transcription in the kid-
ney, it will be very interesting to explore whether the GN peptides achieve their 
beneficial effect on airway function and disease at least in part by transcriptional 
inhibition of pendrin expression and activity in airway epithelium. Such a finding 
could potentially lead to the development of a novel, GN peptide–based therapeutic 
intervention in asthma, chronic obstructive lung disease and other airway diseases.

Future research into the molecular mechanisms underlying the transcriptional 
and epigenetic control of pendrin gene by various modulators may unravel yet addi-
tional modes of operation and biological roles for these modulators in various 
organs, suggesting new prospects for novel therapeutic approaches in multiple dis-
ease states.

 Conclusion
The renal anion exchanger pendrin, thought by some after its genetic identifica-
tion in 1997 (Everett et al. 1997) to participate solely in acid–base balance as a 
bicarbonate secretory pathway, has emerged as a major contributor to renal CCD 
Cl− reabsorption, whole body volume regulation and blood pressure control. 
Pendrin is also essential for epithelial function in inner ear, thyroid and airways, 
thus regulating endolymph ion balance, thyroid hormone synthesis and ASL 
composition. Systemic pH, ambient Cl− concentration, the hormones aldosterone 
and UGN and the cytokines IL-4 and IL-13 modulate pendrin activity in the 
kidney and other pendrin- expressing epithelia at the transcriptional level by act-
ing on distinct regulatory elements residing in the SLC26A4 promoter. 
Transcriptional regulation of the pendrin gene by UGN creates a novel and 
unique connection between the intestine and the kidney and an important func-
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tional link between two systems. The effect of all of these modulators on pendrin 
gene activity may play important roles in acid-base balance, extracellular fluid 
homeostasis, blood pressure control and airway function in health, during devel-
opment and in disease states.
The precise molecular pathways controlling transcriptional and epigenetic con-
trol of pendrin function in pendrin-expressing epithelia remain to be clarified. 
Unraveling the molecular mechanisms regulating the pendrin gene will provide 
insight into the role of this important anion exchanger in various biological pro-
cesses. These studies may provide clues for future drug development and/or 
treatment strategies targeting aberrations in distal nephron salt handling and 
blood pressure regulation and, possibly, abnormalities in airway epithelial trans-
port and airway reactivity. Results from these studies will have import for our 
understanding and potential treatment of hypertension, heart failure, hepatic fail-
ure and other fluid retention syndromes, as well as for treatment of asthma, 
chronic obstructive lung disease and other airway diseases.
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11The Pendrin Polypeptide

Silvia Dossena, Emanuele Bernardinelli, Alok K. Sharma, 
Seth L. Alper, and Markus Paulmichl

Abstract
Pendrin (SLC26A4) is an electroneutral anion exchanger in which function- 
altering mutations cause inherited forms of non-syndromic (DFNB4) and syn-
dromic deafness (Pendred syndrome) characterized by inner ear malformations. 
Elevated pendrin expression has also been identified as a risk modifier for inflam-
matory and infectious lung diseases. In addition, pharmacological inhibition of 
pendrin activity in the kidney is under development as a strategy for treatment of 
hypertension and diuretic-resistant fluid overload conditions. Although pendrin 
is an attractive therapeutic target for pharmaceutical development, the molecular 
structure and pharmacological inhibition profile of pendrin have remained elu-
sive. Here, we present a new model of human pendrin structure based on the 
crystal structures of the transmembrane domain of the SLC26Dg fumarate trans-
porter of Deinococcus geothermalis and of the cytosolic (carboxy terminal) 
STAS domain of rat prestin. The model proposes 14 membrane-spanning 
α-helices, with carboxy-terminal and amino-terminal regions located within the 
intracellular space. In addition, we summarize current knowledge on small- 
molecule modifiers of pendrin activity and on SLC26A4 gene sequence altera-
tions encoding protein variants with modified functional and molecular 
features.
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A precise understanding of the structure and function of pendrin and the 
molecular events leading to alterations in its function will facilitate and focus the 
quest for future pendrin-targeted therapeutic approaches.

11.1  Models for Human Pendrin Structure

11.1.1  Background

Pendrin/SLC26A4 is an electroneutral anion exchanger and member of the solute 
carrier 26/sulfate permease (SLC26/SulP) gene family conserved throughout phy-
logeny (Sherman et al. 2005; Felce and Saier 2004; Dorwart et al. 2008b; Alper and 
Sharma 2013). The 11 human SLC26 genes encode 10 proteins and their isoforms, 
each expressed in a tissue-specific manner. SLC26/SulP protein structures consist 
of an N-terminal transmembrane domain (TMD) of 14 transmembrane-spanning 
helices (Gorbunov et al. 2014) linked to a C-terminal cytoplasmic Sulfate Transporter 
anti-Sigma factor Antagonist (STAS) domain (Fig. 11.1).

The first mammalian SLC26 gene, SLC26A2/DTDST, was discovered by posi-
tional cloning (Hastbacka et al. 1994). The primary sequence was noted to resemble 
that of a previously described sulfate transporter of Neurospora crassa. SLC26 pro-
teins transport halides (Cl−, I−, Br-), thiocyanate (SCN−), monovalent oxyanions 
(OH−, HCO3

−, NO3
−, formate, glyoxylate), and divalent oxyanions (SO4

2−, oxalate), 
with narrow or broad anion selectivities and mechanisms (electroneutral or electro-
genic anion exchange, anion conductance) characteristic of each gene product 
(Alper and Sharma 2013). Mutations in at least four human SLC26 genes cause 
early-onset Mendelian diseases of chondro-dysplasia (SLC26A2/DTDST), chloride- 
losing diarrhea (SLC26A3/DRA), deafness with enlargement of the vestibular aque-
duct and low-penetrance goiter (SLC26A4/pendrin), and a rare form of impaired 
male fertility (SLC26A8). SLC26A9 has been identified as a strong risk modifier for 
cystic fibrosis lung disease. SLC26A4/pendrin has been investigated as a co- mediator 
or risk modifier of systemic fluid balance, blood pressure, and asthma (Alper and 
Sharma 2013).

The phylogenetically ancient SLC26/SulP gene family (Felce and Saier 2004; 
Sharma et al. 2011a) includes major sulfate transporters in yeast (Shibagaki and 
Grossman 2010) and plants (Shibagaki and Grossman 2004; Gigolashvili and 
Kopriva 2014) and organic oxyanion transporters in bacteria (Babu et al. 2010; 
Geertsma et al. 2015; Karinou et al. 2013; Zolotarev et al. 2008). The transmem-
brane domains of SLC26/SulP genes have been shown to transport a wide spectrum 
of anions, including bicarbonate, halides, monocarboxylates, and dicarboxylates.

All SLC26 and SulP polypeptides have, following a short N-terminal hydrophilic 
tail and a complex polytopic transmembrane domain, a C-terminal cytoplasmic 
hydrophilic region of 125–250 amino acids (aa) including a conserved Sulfate 
Transporter and Anti-Sigma factor antagonist (STAS) domain. The STAS domains 
of SLC26/SulP transporters are homologous to bacterial anti-sigma factor 
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antagonists (ASAs) such as SpoIIAA of B. subtilis (Aravind and Koonin 2000; 
Sharma et al. 2011a). Anti-sigma factor antagonists counter the activity of repres-
sors (anti-sigma factors) of sigma (transcription) factors in the bacterial sporulation 
stress response pathway (Masuda et al. 2004). STAS domains are essential for plas-
malemmal targeting, contribute to anion transport function, and serve as 

Fig. 11.1 Schematic of the topographical transmembrane domain (TMD) structure of human pen-
drin (hPDS/SLC26A4) anion transporter, modeled on the crystal structure of fumarate transporter 
Deinococcus geothermalis (SLC26Dg) in the inward-facing conformation (Geertsma et al. 2015). 
The hPDS TMD is shown with 14 membrane-spanning segments (mostly α-helices as columns) 
embedded within the lipid bilayer, connecting to the C-terminal cytoplasmic STAS domain mod-
eled on the crystal and NMR structures of rPres/SLC26A5 (Pasqualetto et al. 2010). Note that the 
loop regions between TMD helices α3 and α4, and between α6 and α7 are relatively longer in 
hPDS than in SLC26Dg. The 14 transmembrane spans of the TMD are arranged as two inverted 
repeat units, each consisting of 7 transmembrane spans (1–7 and 8–14). Inner helices 1–4 and 8–11 
pack to constitute the core domain (magenta) of hPDS. The core domain is surrounded on one side 
by the gate domain consisting of outer helices 5–7 and 12–14 (marine). The core domain includes 
the centrally located substrate translocation pathway (containing a hypothetical-bound Cl− ion in a 
possible binding site). The C-terminal cytoplasmic STAS domain (lower right, backbone structure 
model generated in PyMOL with helices in purple, strands in cyan, and loops in green) encom-
passes hPDS aa 515–734, but excludes the disordered intervening sequence (IVS) of aa 574–652 
between helix α1 and strand β3 (Sharma et al. 2014). Backbone atom superposition of hPDS TMD 
helices onto those of SLC26Dg yields an overall root mean square deviation (RMSD) of 4.32 Å. 
The numbered orange ovals denote TMD sites of disease-associated hPDS mutations (see text for 
details). The orange box lists sites of disease-associated mutations within the hPDS STAS IVS. The 
numbered residues within the STAS domain structural model are sites of four disease-associated 
hPDS mutations aligning with SLC26-related SulP protein Rv1739c STAS residues chemically 
perturbed upon GDP binding (Sharma et al. 2011b) and exhibiting high root mean square fluctua-
tion (RMSF) during MD simulation (Sharma et al. 2014)
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protein-protein interaction modules. Mutations in STAS domains of mammalian 
SLC26 transporters impair function and/or surface expression of these transporters 
(Chernova et al. 2003; Dorwart et al. 2008b; Dorwart et al. 2008a), and the same is 
true for STAS domains of bacterial transporters such as SLC26Dg (Geertsma et al. 
2015). As true for bacterial anti-sigma factor antagonists (ASAs) such as SpoIIAA, 
STAS domains of SLC26 transporters have also been hypothesized to serve as 
protein- protein interaction modules.

11.1.2  Structure of STAS Domains

SpoIIAA-like STAS domain structures solved by X-ray crystallography include 
those from dicarboxylate and bicarbonate transporter (Karinou et al. 2013; 
Srinivasan et al. 2016) DauA(YchM) of E. coli (Babu et al. 2010) and from rat 
SLC26A5/prestin (Pasqualetto et al. 2010). NMR solution structures have been 
solved for the STAS domains of rat prestin (Pasqualetto et al. 2010) and of putative 
sulfate transporter Rv1739c from M. tuberculosis (Sharma et al. 2011b). Mammalian 
STAS domains differ from anti-sigma factor antagonists in the presence only in the 
mammalian proteins of the nominally unstructured intervening sequence (IVS) 
between helix α1 and β3 [nomenclature from (Pasqualetto et al. 2010)]. No function 
has yet been reported for the IVS, and its deletion was required for production of the 
first STAS domain crystals diffracting to high resolution (Pasqualetto et al. 2010). 
Mammalian and bacterial STAS domain solution structures reported to date have 
been monomeric and adopt a common structural fold resembling B. subtilis SpoIIAA 
ASA structure (Kovacs et al. 1998). SulP STAS domains are nucleotide-binding 
proteins (Sharma et al. 2011a; Srinivasan et al. 2016), as previously demonstrated 
for SpoIIAA and ASAs (Sharma et al. 2011a).

11.1.2.1  STAS Domain-Binding Proteins
SLC26/SulP anion transporter STAS domains interact in pulldown assays with mul-
tiple cellular proteins. The STAS domain of bacterial oxyanion transporter DauA 
(YchM) interacts with acyl carrier protein (Babu et al. 2010), suggesting their joint 
participation in fatty acid biosynthetic pathways. The C-terminal PDZ recognition 
motifs of STAS domains of SLC26A3 and SLC26A6 bind the PDZ proteins 
NHERF1, NHERF2, and PDZK1, with cytoskeletal signaling and scaffolding func-
tions linking STAS domains indirectly to the Cl− channel, cystic fibrosis transmem-
brane regulator (CFTR). The STAS domains of anion exchangers SLC26A3, 
SLC26A4 (Garnett et al. 2011), and SLC26A6, of anion channel/exchanger 
SLC26A9, and of SLC26A8 (of still unknown function) can also bind directly to the 
regulatory R domain of CFTR (Dorwart et al. 2008b; Alper and Sharma 2013). The 
STAS domain of SLC26A6 has also been shown to bind to SLC13A2/NaDC1, as 
part of a succinate transport metabolon (Ohana et al. 2013), as well as to the Gq-IP3-
activated regulatory hub protein IRBIT (Hong et al. 2013). The STAS domain of 
SLC26A5/prestin, the Cl−-dependent mechanotransducer of the cochlear outer hair 
cell, has been reported to bind to MAP-1S, VAP33 (Sharma et al. 2011a), and to 
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calmodulin (Keller et al. 2014). The STAS domain of the high-affinity SulP sulfate 
transporter SULTR1;2 of the roots of the plant A. thaliana binds to the enzyme 
cysteine synthase (O-acetylserine (thiol) lyase, OASTL). This interaction reduces 
sulfate transport activity without reduction in transporter surface expression, while 
increasing OASTL activity (Shibagaki and Grossman 2010), and may contribute to 
plant sulfate sensing (Zheng et al. 2014). The STAS domain of the sperm anion 
transporter, SLC26A8, binds to the GTPase activating protein, MgcRacGap (Toure 
et al. 2001). Preliminary data suggest that the widely expressed GTPase activator 
and scaffold protein, IQGAP-1, binds to the STAS domain of hPDS/SLC26A4 and 
reduces its anion exchange activity (Xu et al. 2015; Karinou et al. 2013). Disease-
associated mutations in STAS domains of multiple mammalian SLC26 transporter 
proteins disrupt trafficking and stable accumulation of transporters at the plasma 
membrane (Sharma et al. 2011a).

11.1.3  SLC26Dg Crystal Structure

The first reported structure of a full-length SLC26/SulP polypeptide, including both 
TMD and cytoplasmic STAS domain, was from SLC26 of Deinoccocus geotherma-
lis (SLC26Dg) (Geertsma et al. 2015). The SLC26Dg TMD shares 46 % and 57 % 
amino acid sequence similarity with the corresponding regions of human prestin 
and of E. coli DauA. Initial crystallization attempts achieved a structural resolution 
of only 7.2 Å. Co-crystallization with an immunospecific anti-SLC26Dg nanobody 
allowed structural resolution of 3.2 Å, without alteration of the TMD orientation of 
SLC26Dg.

The SLC26Dg structure reveals a UraA fold similar to that previously predicted 
and used as a modeling template for rat and chicken prestin/SLC26A5 (Gorbunov 
et al. 2014) and for human AE1/SLC4A1 (Barneaud-Rocca et al. 2013). Indeed, the 
X-ray crystal structure of human AE1 ultimately confirmed its UraA fold (Arakawa 
et al. 2015). The UraA fold shared by SLC26Dg and by AE1/SLC4A1 consists of 
14 TMD α-helices of variable length arranged as two inverted repeats, each contain-
ing 7 α-helices. Pseudosymmetry-related helices 1–4 and 8–11 form a “core 
domain,” whereas helices 5–7 and 12–14 from an elongated “gate domain” that 
shields the core domain. Each inverted repeat includes one “broken” transmem-
brane span (spans 3 and 10) comprising a short α helix joined by flexible linker to a 
short β-sheet oriented at divergent angles within the bilayer, and contributing to a 
proposed anion substrate-binding site (no ligand was detected in the SLC26Dg 
crystals). The SLC26Dg crystal structure revealed the polypeptide in its inward- 
facing conformation, exposing the substrate anion-binding site to the cytosol, and 
occluding it from the extracellular medium.

Purified SLC26Dg was monomeric in dodecyl maltoside but reconstituted into 
proteoliposomes as a dimer, consistent with previous evidence of stable dimers in 
solution, based on pulsed electron–electron double resonance spectroscopy and 
small-angle neutron scattering experiments (Compton et al. 2014; Compton et al. 
2011). TMD monomeric dimensions of 45 Å × 60 Å × 40 Å suggest minimal 
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protrusion of the polypeptide beyond either surface of the lipid bilayer (Geertsma 
et al. 2015). Each monomer is believed to harbor an independent anion translocation 
pathway. However, one monomer can influence its dimeric partner’s conformation 
as also suggested by prestin, for which co-expression of two mutant polypeptides of 
distinct voltage-dependences yielded a unique electrical signature, consistent with 
functional inter-protomer interaction within the oligomer (Detro-Dassen et al. 
2008). Regulated modulation of SLC26 oligomeric state has been postulated, but 
not yet reported.

11.1.4  Modeling of Human Pendrin (hPDS) Structure

The availability of the SLC26Dg crystal structure has allowed us to model on this 
template a three-dimensional structure of human pendrin (hPDS; Fig. 11.1). Most 
mammalian and plant SLC26 polypeptides, such as the 780 aa hPDS and 744 aa rat 
prestin (rPres), are longer than bacterial SulP proteins (such as the 499 aa SLC26Dg), 
with longer N-terminal cytoplasmic domains, longer STAS domains within longer 
C-terminal cytoplasmic domains, and longer loops connecting transmembrane 
spans. The latter include the ecto-loop between TM3-4 and the endo-loop between 
TM6-7, each of length ~40 aa vs. only 8 aa in SLC26Dg. The structures of these 
long loops remain unknown. The predicted net surface charges of hPDS (−4) and 
rPres holoproteins (−11) with correspondingly acidic predicted isoelectric points 
(pI) contrast with the net surface charge of +2 and pI of 8.6 for SLC26Dg holopro-
tein. Similarly, the 79 aa hPDS cytoplasmic N-terminal domain, with 2–3 predicted 
α-helices each of 10 aa length, contrasts with the putatively unstructured N-terminal 
SLC26Dg cytosolic domain of 13 aa. The functional role of the hPDS N-terminal 
cytosolic domain is not known.

We have modeled the STAS domain of hPDS (excluding its IVS region) on the 
template of the rPres STAS domain crystal structure (Fig. 11.1) (Pasqualetto et al. 
2010). The modeled hPDS STAS domain is remarkable for several differences from 
the SLC26Dg STAS domain, including its much longer putatively unstructured IVS 
region. The net surface charge of −12 in hPDS STAS contrasts with the surface 
charge of −2 in the SLC26Dg STAS domain. Unlike the well-structured STAS 
C-terminal helical regions in Rv1739c (Sharma et al. 2011b) and rPres (Pasqualetto 
et al. 2010), and unlike the modeled hPDS structure (Fig 11.1), the C-terminal 
region of SLC26Dg STAS was undetected in its crystal structure. This may reflect 
its likely artifactual interaction with co-crystallized nanobody, resulting in ectopic 
location of the SLC26Dg STAS domain in the crystal, in a position that would place 
it within the lipid bilayer of a cell (Geertsma et al. 2015). The length of SLC26Dg 
STAS helix α1 (Geertsma et al. 2015) is only half of those in STAS domains of 
DauA (Karinou et al. 2013) and Rv1739c (Sharma et al. 2011b).

A notable difference between SLC26Dg and hPDS is in cysteine (Cys) content. 
SLC26Dg has a single Cys residue in the TMD located in the ecto-loop between 
TM9 and TM10. In contrast, hPDS has 12 Cys residues distributed across its entire 
sequence, with four each in the N-terminal cytoplasmic region, the TMD, and the 
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C-terminal STAS domain. Other mammalian SLC26 polypeptides also have multi-
ple Cys residues, which may help govern protein oligomerization state, contribute 
to regulation of protein half-life, and govern ligand binding.

11.1.5  Proposed Substrate-Binding Site in hPDS Structure

A fumarate transport substrate-binding site within the TMD of SLC26Dg may be 
constituted by two pseudosymmetry-related glutamates (E38 in α1 and E241 in α8) 
and by one glutamine (Q287 in α10). However, the SLC26Dg double mutant 
p.E38A/E241A exhibited increased fumarate-uptake activity that was further 
enhanced by imposition of an inwardly directed pH gradient. Thus, the carboxylate 
packing of E38 and E241 around the substrate-binding cavity might function as a 
brake on substrate binding or translocation. The lack of conservation of these two 
glutamate residues in hPDS correlates with, and may contribute to, the absence in 
hPDS of detectable H+-anion symport of the type believed to represent the transport 
mechanism of SLC26Dg.

The residues involved in anion binding in rPres were selected for investigation 
based upon the uracil-binding site detected in the UraA crystal structure (Lu et al. 
2011). The rPres p.S398C mutation reduced oxalate sensitivity of non-linear capac-
itance (NLC), while the corresponding p.S404C mutation of chicken prestin abol-
ished its sulfate transport. rPres mutation p.R398S abrogated salicylate inhibition of 
NLC, and mutants p.R399T and p.R399C also decreased salicylate block of NLC, 
while corresponding chicken prestin mutant p.R405C abolished anion transport. 
Based on these data, the anion-binding site in rPres was proposed to involve S398 
and R399 of TMD helix α10 (Gorbunov et al. 2014), a motif conserved in other 
mammalian orthologs.

Homology modeling on the SLC26Dg template allows proposal of a substrate- 
binding site in hPDS (Table 11.1 and Fig. 11.2) comprising residues Q101 (α1), 
I363 (α8), and R409 (α10). Interestingly, R409 is the site of a disease-associated 
mutation, as is P142 in helix α3, located close to the proposed binding site 
(Fig. 11.1). The planar 5-membered ring of P142 orients along the axis of the pro-
posed anion- transport pathway. The R409 guanidine is slightly inclined toward the 
binding site, so as to electrostatically favor anion approach and/or binding. 
Additional disease- associated residues G149 (α3) and Q413 (α10) are modeled at 
the respective extracellular and intracellular edges of the binding cavity (Fig. 11.1). 
Disease mutation-associated residue A360 (α8) is also found in proximity to the 
binding site, near two β-strands. Other sites of disease-associated mutation that are 
involved in loss of anion exchange activity, including L236 (α5), S314 (α7), L506 
(α14), and V510 (α14), are within the gate domain at locations farther from the 
binding site. Mapping of the above hPDS disease-associated residues onto the hPDS 
structural model supports the idea that packing of core domain helices α3 and α10 
is crucial to integrity and conformational flexibility of the substrate translocation 
pathway (Fig. 11.1). These predictions further support the importance of co-ordi-
nated movement of gate and core domains in anion translocation (Fig. 11.3). Helices 
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α1 and α10 are electroneutral in both SLC26Dg and human pendrin. In contrast, 
helix α8 carries net charge of −3 in SLC26Dg and +1 in hPDS, possibly reflecting 
differences in substrate and transport mechanism.

The inward-facing structure of SLC26Dg resembles the uracil-bound inward- 
facing structure of UraA. Substrate-free UraA was proposed to adopt an outward- 
facing conformation upon deprotonation of UraA residues E241 and E290. 
Co-ordinated movements of core and gate domains controlling transition between 
inward and outward facing conformations were proposed to reflect or to be con-
trolled by the protonation states of these glutamate residues (likely transitions in 
hPDS; Fig. 11.3). The outward-facing conformation of hPDS might be best mod-
eled on the recently reported UraA-like structure of human erythrocyte Band 3/
SLC4A1, locked in its outward-facing conformation by covalently bound inhibitor, 
H2DIDS (Arakawa et al. 2015).

Molecular modeling and molecular dynamics (MD) simulations will be useful 
approaches toward initial understanding of the outward-facing conformation of 
hPDS, further enhanced in value by the recent development and validation of the 
first inhibitors of hPDS with promising potency and specificity (Haggie et al. 2016). 
However, μsec timescale MD simulations will likely reveal more about anion bind-
ing and unbinding than about the inward-outward conformational change of 
hPDS. Modeling of the steady-state inward and outward-facing conformations will 
aid future MD simulation of the hPDS TMD conformational transition cycle, per-
haps using iterative MD simulations with the post-hoc string method to efficiently 
extract the most relevant conformation sets generated by bias-exchange umbrella 

Table 11.1 Amino acid (aa) 
residues defining 
transmembrane-spanning 
segments (TMD) of the 
780 aa human pendrin 
polypeptide (hPDS/
SLC26A4) according to the 
tertiary structural model in 
Fig. 11.2, as modeled on the 
template of the SLC26Dg 
X-ray crystal structure 
(Geertsma et al. 2015)

TMD (α-helix) Amino acid range

1 88–108

2 113–129

3 141–147 (149)

4 188–206

5 217–240

6 244–260

7 303–316

8 346–374

9 381–397

10 407–416

11 421–441

12 447–461

13 479–491

14 494–511

Note that TMD 3 α-helix encompassed aa 141–147 in 70 % of 
models, and 141–149 in 30 % of models

S. Dossena et al.
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sampling, in parallel with the string method with swarms of trajectories and the 
post-hoc string method (Moradi et al. 2015). Recent advances in single-molecule 
fluorescence resonance energy transfer imaging (Akyuz et al. 2015; Wang et al. 
2014) and in solution nuclear magnetic resonance spectroscopy of polytopic trans-
membrane receptors (Isogai et al. 2016) suggest that the ability to study conforma-
tional transitions of pendrin and other mammalian SLC26 polypeptides in real time 
at molecular resolution may not be far off.

a

b

c

Fig. 11.2 Three-dimensional homology model of hPDS/SLC26A4 TMD α-helices (as cylinders) 
with core domain helices in magenta and gate domain helices in marine. Residues Q101 (α1), 
I363 (α8), and R409 (α10) portrayed in CPK (yellow) partially demarcate the proposed anion 
transport substrate-binding site (Geertsma et al. 2015). Loop regions connecting the transmem-
brane spans are removed for clarity. The two anti-parallel β-strands of TMD spans 3 and 10 are in 
cyan. (a) TMD structure viewed from within the plane of the lipid bilayer. (b) TMD structure 
viewed from the cytoplasm. (c) TMD structure rotated within the plane of the bilayer, showing 
empty stereo space between the core and gate domains constituting the proposed substrate-bind-
ing site (adjacent to yellow CPK spheres). The hPDS/SLC26A4 TMD structure was modeled 
using as template the inward-facing conformation of SLC26Dg (Geertsma et al. 2015). Primary 
sequences of SLC26Dg and hPDS/SLC26A4 were aligned using Clustal Omega, then manually 
adjusted to redefine secondary structural regions as predicted by PSIPRED and ModWeb. 
MODELLER v9.14 was used to generate hPDS/SLC26A4 TMD structural models. The best ste-
reochemical quality structure of lowest objective function was then energy-minimized. A repre-
sentative model was visualized and rendered in PyMOL v1.5.0.4 (Molecular Graphics System, 
Schrödinger, LLC)
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11.2  Functional and Molecular Properties of Wild-Type 
Pendrin and Its Variants

11.2.1  Functional Tests for Assessing Pendrin Function

A positional cloning strategy enabled identification of SLC26A4/PDS as the gene 
mutated in Pendred syndrome. The amino acid sequence similarity of the PDS gene 
product, pendrin, to previously identified sulfate transporters led to the initial pre-
diction that pendrin could transport sulfate (Everett et al. 1997). Shortly thereafter, 
however, Scott et al. showed that pendrin overexpression in Xenopus laevis oocytes 
or insect Sf9 cells, rather than transporting sulfate increased the transport of iodide 
and chloride in both heterologous cell expression systems (Scott et al. 1999). The 
inability of pendrin to transport sulfate was later confirmed in mammalian cells 
(Bogazzi et al. 2000). Accordingly, Kraiem et al. found normal transport of sulfate 
in thyrocytes obtained from Pendred syndrome patients (Kraiem et al. 1999). Cis- 
inhibition and trans-stimulation uptake studies in Xenopus laevis oocytes indicated 
that pendrin exhibited properties of an exchanger of chloride and monovalent 
anions, rather than of a channel (Scott and Karniski 2000). The electroneutrality of 
pendrin-mediated ion exchange (the absence of ion currents accompanying ion 
transport) was later confirmed by others (Dossena et al. 2005; Reimold et al. 2011; 
Shcheynikov et al. 2008). Intracellular pH measurements in HEK-293 cells stably 
expressing pendrin demonstrated elevation of both chloride/bicarbonate exchange 
and chloride/hydroxyl exchange (Soleimani et al. 2001), the former representing the 
probable physiological transport mode of endogenously expressed pendrin in the 
inner ear (Chap. 2), kidney (Chap. 8), and airways (Chap. 9). In the thyroid, where 

Fig. 11.3 Schematic of the alternating-access mechanism of anion transport postulated for 
homodimers of hPDS/SLC26A4 and other SLC26 transporters. The core domain (magenta) and 
gate domain (marine) regions of the TMD are embedded within the lipid bilayer. The cytosolic 
STAS domain is represented as a yellow sphere connected to the terminal helix of the gate domain. 
The bound anion substrate (green) can be released to the cytoplasm from the inward-facing con-
formation (left), as modeled on the DgSLC26 structure (Geertsma et al. 2015), or to the extracel-
lular space from the outward-facing conformation of unknown structure (right). Conformational 
transitions between inward- and outward-facing states may traverse a quasi-stable, occluded-state 
intermediate conformation, in which the bound substrate is accessible neither to outer solution nor 
to cytoplasm (not shown) (Modified from Geertsma et al. 2015)

S. Dossena et al.
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the transport of iodide is physiologically relevant, pendrin is thought to act as an 
iodide/chloride exchanger with a 1:1 stoichiometry (Dossena et al. 2006a) and pref-
erence for iodide over other anions (Dossena et al. 2006b; Shcheynikov et al. 2008). 
In a bicameral system of iodide-loaded polarized cells, pendrin contributes to the 
vectorial transport of radiolabeled iodide from the basolateral to the apical compart-
ment (Gillam et al. 2004), consistent with pendrin’s proposed role in transporting 
circulating iodide across the apical membrane of the thyrocyte into the follicular 
lumen (Chap. 7). The ability of pendrin to transport iodide was confirmed by several 
studies using yellow fluorescent protein (YFP) variants with improved sensitivity 
for this halide (Dossena et al. 2006a; Pedemonte et al. 2007).

11.2.2  Pendrin Variants with Complete or Partial  
Loss-of- Function, with No Change in Function,  
or with Gain-of-Function

Functional studies in heterologous expression systems have been important not only 
for our growing understanding of the mechanism of action of wild-type pendrin, but 
also to determine the anion transport properties of pendrin variants identified in 
patients affected by non-syndromic deafness or Pendred syndrome.

The association of deafness and goiter is not a sufficient diagnostic criterion for 
Pendred syndrome. The identification of pseudo-Pendred syndromes (that is, the 
association of deafness and goiter in patients with no pendrin mutations) (Fugazzola 
et al. 2002; Kara et al. 2010; Davis et al. 2006; Pfarr et al. 2006; Kopp et al. 1999) 
indicates that the combined presence of deafness and goiter in a single individual or 
family may arise from distinct genetic and environmental factors. Malformations of 
the inner ear, such as an enlarged vestibular aqueduct (EVA), are considered a hall-
mark of Pendred syndrome and non-syndromic deafness caused by mutation of the 
pendrin gene (Reardon et al. 2000). However, EVA can also be found in individuals 
in which both alleles of the pendrin gene are wild type (Pryor et al. 2005). 
Consequently, unequivocal assessment of a link between deafness and pendrin dys-
function requires, in addition to clinical and radiological investigation, the sequenc-
ing of the pendrin gene (Fugazzola et al. 2000). However, the detection of a sequence 
alteration in the pendrin gene does not always imply functional impairment of the 
encoded pendrin polypeptide. As a general rule, the incidence of pathogenic 
sequence alterations in any gene associated with recessive disease is relatively low 
in the healthy population and higher in cohorts of affected individuals. As in many 
other genes, some pendrin sequence variants are present in healthy and affected 
individuals at the same frequency, suggesting low pathogenic potential (Pera et al. 
2008). Missense sequence variants leading to substitution of highly conserved 
amino acids do not invariably affect pendrin functionality, as exemplified by 
p.L597S (Pera et al. 2008) and p.F354S (Dossena et al. 2011a). Moreover, certain 
pendrin protein variants associated with wild-type anion transport function can be 
found hearing-impaired individuals at the same frequency as in the general popula-
tion, as for p.R776C (Pera et al. 2008). These considerations mandate that any 
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pendrin sequence variant found in a hearing-impaired individual (outside the con-
text of a large family in which genetic linkage is possible) be subjected to functional 
testing of the corresponding pendrin polypeptide in order to unequivocally link the 
deafness to pendrin dysfunction.

The Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/index.php; 
accessed on the 6 June 2016) (Stenson et al. 2014) lists nearly 500 sequence variants 
detected to date within the pendrin gene, of which approximately 67 % are mis-
sense/nonsense mutations, 13 % affect splicing, and 16 % are small indels. Less 
common sequence alterations are found in gene regulatory regions, or are large 
deletions or mutations of more complex structure. The spectrum of pendrin muta-
tions differs among ethnic populations (Dai et al. 2009), often reflecting founder 
effects (Rebeh et al. 2010). For instance, whereas amino acid substitutions p.L236P 
and p.T416p (Van Hauwe et al. 1998) are frequently found in the Caucasian popula-
tion, p.H723R is the most common mutation in East Asians (Yoon et al. 2008).

The impact on pendrin anion transport function or subcellular trafficking has 
been reported for only ~17 % of documented pendrin sequence variants (Table 11.2). 
Most of these lead to reduction or loss of ion transport function and have been 
linked to Pendred syndrome or non-syndromic deafness (Table 11.2 and Fig. 11.4). 
Deleterious amino acid substitutions may involve any of the domains of the pendrin 
polypeptide, suggesting that no structural subdomains of pendrin are dispensable 
for physiological function. Moreover, a mutation’s functional consequence cannot 
easily be predicted from its location within the polypeptide. However, nonsense 
mutations leading to pendrin polypeptide truncation, and missense mutations intro-
ducing or substituting within the TMD the secondary structure disruptor, proline, 
invariably lead to complete abrogation of anion transport function (Dossena et al. 
2011c) (Table 11.2 and Fig. 11.4) and can be considered likely pathogenic.

Amino acid substitutions leaving wild-type pendrin function undiminished rep-
resent ~9 % of functionally characterized variants (Table 11.2 and Fig. 11.4). These 
functional variants, unlikely to be pathogenic, should lead to consideration of other 
genetic and/or environmental causes for deafness and EVA, especially when found 
in trans with the wild-type allele (de Moraes et al. 2016). An important caveat, 
however, is that missense mutations tested in heterologous expression systems do 
not entirely replicate conditions in the native setting. The unavailability of well- 
differentiated cochlear and vestibular epithelial cell lines leaves open to question the 
relevance to cochlear-vestibular function of pendrin transport data obtained from 
Xenopus oocytes or immortalized mammalian cell lines. Thus, functional evaluation 
of mutant pendrin polypeptides in the laboratory must be interpreted in the context 
of clinical and genetic information.

The amino acid substitutions p.F354S, p.C565Y, p.L597S, and p.R776C are 
reported either to not affect pendrin anion function or to decrease it only minimally 
or moderately (Table 11.2 and Fig. 11.4). Lack of agreement among reported results 
may arise from the technique used to evaluate pendrin ion transport function (isoto-
pic flux, measurement of intracellular pH, measurement of intracellular halide con-
centration), the expression system used (Xenopus oocytes or various immortalized 
transiently or stably transfected mammalian cell lines), or the specific anion 
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exchange activity evaluated (chloride/iodide, chloride/bicarbonate, or chloride/
hydroxyl exchange). The chloride/bicarbonate exchange activity of pendrin seems 
to be more sensitive to sequence variation than the chloride/iodide exchange activ-
ity. However, such differences between chloride/iodide and chloride/bicarbonate 
exchange efficiency were considered “moderate,” such that “the magnitude and 
consistency of the hypomorphic variants effect upon exchange of different anions 
seemed insufficient to infer a causal association with non-syndromic EVA (Choi 
et al. 2009a)”. Thus, the amino acid substitutions p.F354S, p.C565Y, p.L597S, and 
p.R776C lead to hypomorphic pendrin variants themselves insufficiently patho-
genic to cause clinical disease, but potentially pathogenic in conjunction with a 
strong dysfunctional pendrin variant encoded by the trans allele (Choi et al. 2009a).

Two amino acid substitutions (p.V88I and p.G740S) leading to a moderate gain 
of transport function (Dossena et al. 2011a) (Table 11.2 and Fig. 11.4) were found 
in a cohort of Spanish deaf patients and in a cohort of unrelated healthy individuals 
(controls) (Pera et al. 2008). Of note, patients carrying the p.G740S variant were 
deaf but lacked enlargement of the vestibular aqueduct (EVA) or other bony malfor-
mation, whereas the patient harboring the p.V88I variant presented with EVA and 
was found to be compound heterozygous for the deleterious mutations p.R409H and 
p.E29Q. Although the molecular feature leading to gain of function is obscure, the 
amino acid substitutions p.G740S and p.V88I cannot be considered as the determi-
nant of deafness, unless the corresponding protein variant is inactivated by an addi-
tional deleterious amino acid substitution, as observed for the pendrin variant 
p.V88I;p.R409H. The possible contribution of hyperfunctional pendrin variants to 
hypertension (Chap. 8) or pulmonary dysfunction (Chap. 9) is currently unknown.

11.2.3  Subcellular Localization and Expression Levels of Pendrin 
Variants

In an early report aimed at identifying the molecular features of pathogenic pendrin 
variants, Taylor and collaborators determined the consequences of nine disease- 
causing amino acid substitutions on subcellular localization and transport function. 
Only two mutants localized to the plasma membrane, whereas five mutants were 
completely retained in the endoplasmic reticulum and two mutants were partially 
retained (Taylor et al. 2002). All these mislocalized mutant polypeptides exhibited 
loss of cellular iodide efflux, thereby demonstrating that inability to reach and/or 
accumulate at the plasma membrane could be considered a major determinant of 
loss of pendrin function. These findings were corroborated shortly afterward by 
Rotman-Pikienly and collaborators (Rotman-Pikielny et al. 2002), who showed that 
three of the more commonly found Pendred syndrome mutants, i.e., p.L236P, 
p.T416P, and p.E384G, are retained in the endoplasmic reticulum.

More recently, molecular studies have routinely accompanied functional tests in test-
ing the pathogenic potential of pendrin amino acid substitutions found in deaf patients. 
Fully functional pendrin variants always correctly target to the plasma membrane, and 
partial or total retention within subcellular compartments has always associated with 
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reduction or loss of anion transport function. However, wild- type targeting to the plasma 
membrane does not guarantee normal transport function, since some protein variants 
exhibit impaired function at the cell surface (Table 11.2). We observed in a cohort of 
deaf Brazilian patients that pendrin variants co-localizing with the plasma membrane 
(such as p.P142L, p.G149R, p.C282Y) maintain some degree of residual transport activ-
ity, whereas predominant retention in the endoplasmic reticulum accompanied by mini-
mal co-localization with plasma membrane (as for p.T193I and p.L445W) correlated 
well with complete loss of anion transport function (de Moraes et al. 2016).

The wide range of functional dysregulation (Yoon et al. 2008) exhibited by the 
many pendrin variants reported to date emphasizes the utility of defining molecular 
features shared among all or most pathogenic pendrin protein variants in planning 
therapeutic approaches aimed at restoration of anion transport function. We recently 
showed that total cell expression levels of functionally deficient pendrin protein vari-
ants, regardless of their subcellular localization, are significantly lower than those of 
wild-type pendrin and of fully functional pendrin variant p.R776C. Thus, reduction 
of variant expression usually correlates with reduction of ion transport function (de 
Moraes et al. 2016). The mechanism leading to reduced abundance of dysfunctional 
pendrin variants is currently under investigation (see Sect. 11.3.2).

11.3  Potential Pendrin-Targeted Pharmacological 
Interventions

As detailed elsewhere in this book, both decreases and increases in pendrin function 
have been linked to distinct pathological conditions, namely Pendred syndrome and 
non-syndromic deafness in the case of pendrin loss-of-function (Parts I and II), and 
inflammatory and infectious lung diseases in the case of pendrin gain-of-function 
(Chap. 9). Furthermore, the established role of pendrin in regulating blood pressure 
(Wall 2015) recommends pendrin inhibition as a worthwhile strategy for the treat-
ment of fluid overload states unresponsive to diuretics in current use (Soleimani 
2012). These considerations suggest that pharmacological modulators of pendrin 
activity may have wide clinical utility.

11.3.1  Screening of Pendrin Ligands

For many years, pendrin seemed an “undraggable” target. Since the initial studies 
aimed at its functional characterization, pendrin has repeatedly exhibited low sensi-
tivity to established inhibitors of ion transport, such as the anion exchange blocker 
4,4′-diisothiocyano-2,2′-stilbene-disulfonic acid (DIDS), furosemide, and proben-
ecid (Scott et al. 1999) (Table 11.3). The anti-inflammatory drugs niflumic acid and 
tenidap (Dossena et al. 2006b; Reimold et al. 2011) remained for a while the only 
substances capable of a significant inhibitory effect on pendrin activity (Table 11.3), 
and a first published screening of a large library of compounds contributed no novel 
pendrin inhibitors (Pedemonte et al. 2007).

11 The Pendrin Polypeptide
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Table 11.3 Effect of known inhibitors of ion transport on pendrin

Test compound Conventional target Effect on pendrin

Acetazolamide Carbonic anhydrase (Belsky 
1953)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Amiloride ENaC
(McDonald et al. 1994; 
Tamargo et al. 2014a)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Bumetanide NKCC2
Tamargo et al. (2014a)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Chlorothiazide NCC
(Monroy et al. 2000; Tamargo 
et al. 2014b)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Eplerenone Aldosterone antagonist 
(Tamargo et al. 2014a; 
Frishman and Stier 2004)

No effect (10 μM) (Bernardinelli et al. 
2016)

Furosemide NKCC2
(Tamargo et al. 2014a; Garay 
et al. 1998)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)
59 % inhibition (1 mM) (Scott et al. 
1999)
39 % inhibition (1 mM) (Bernardinelli 
et al. 2016)

Hydrochlorothiazide NCC
(Monroy et al. 2000; Tamargo 
et al. 2014b)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Hydroflumethiazide NKCC2
(Tamargo et al. 2014a)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Indapamide NCC (?)
(Tamargo et al. 2014b)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Methazolamide Carbonic anhydrase (Lindskog 
1997)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Torsemide NKCC2
(Tamargo et al. 2014a)

No effect (Bernardinelli et al. 2016)

Triamterene ENaC
(Tamargo et al. 2014a)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Spironolactone Aldosterone antagonist 
(Tamargo et al. 2014a; 
Frishman and Stier 2004)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

CFTR-inhibitor 
172

CFTR (Taddei et al. 2004) No effect (Pedemonte et al. 2007)
No effect (1.6 μM) (Bernardinelli 
et al. 2016)

S. Dossena et al.
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Table 11.3 (continued)

Test compound Conventional target Effect on pendrin

DIDS Anion transport
(Jessen et al. 1986; Zhang et al. 
2015; Shen et al. 2015)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)
No effect (0.5 mM) (Reimold et al. 
2011)
No effect (0.5 mM) (Dossena et al. 
2006b)
88 % inhibition (0.5 mM) (Soleimani 
et al. 2001)
Full inhibition (0.5 mM) (Azroyan 
et al. 2011)
62 % inhibition (1 mM) (Scott et al. 
1999)
48 % inhibition (1 mM) (Bernardinelli 
et al. 2016)

DNDS Anion transport
(Barzilay and Cabantchik 1979)

No effect (Bernardinelli et al. 2016)

NPPB Chloride channels
(Brown and Dudley 1996; 
Zhang et al. 2015)

No effect (Pedemonte et al. 2007)
59 % inhibition (Dossena et al. 2006b)
33 % inhibition (Bernardinelli et al. 
2016)

Probenecid OAT1
(Takeda et al. 2001)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)
37 % inhibition (1 mM) (Scott et al. 
1999)
No effect (1 mM) (Bernardinelli et al. 
2016)

Glybenclamide KCNJ1
(Gribble and Reimann 2003)

No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)

Hydroxycinnamate No effect (Pedemonte et al. 2007; 
Bernardinelli et al. 2016)
No effect (1 mM) (Reimold et al. 
2011)

Niflumic acid COX, PLA2
(Jabeen et al. 2005; Shen et al. 
2015)

Inhibition (0.25 mM) (Nakao et al. 
2008)
Inhibition (Pedemonte et al. 2007; 
Dossena et al. 2006b)
64 % inhibition (Bernardinelli et al. 
2016)

Tenidap COX, LOX (?)
(Moore et al. 1996) (Blackburn 
et al. 1991)

49 % inhibition (Reimold et al. 2011)
30 % inhibition (Bernardinelli et al. 
2016)

Modified from Bernardinelli et al. (2016), with permission
The transporter or enzyme known to be blocked by each compound (“conventional target”) is 
indicated together with the effect observed on pendrin transport activity. Compounds were tested 
at 0.1 mM, unless otherwise specified
CFTR cystic fibrosis transmembrane conductance regulator, COX cyclooxygenase, DIDS 
4,4′-diisothiocyano-2,2′-stilbene-disulfonic acid, DNDS 4,4'-dinitrostilbene-2,2'-disulfonate, DRA down-
regulated in adenoma, ENaC epithelial sodium channel, KCNJ1 potassium channel, inwardly rectifying 
subfamily J, member 1, LOX lipooxygenase, NCC sodium chloride cotransporter, NKCC2 sodium potas-
sium chloride cotransporter 2, NPPB 5-nitro-2-[(3-phenylpropyl)amino]benzoic acid, OAT1 organic 
anion transporter 1, PLA2 phospholipase A2, SLC26A3 solute carrier family 26, member A3

11 The Pendrin Polypeptide
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The search for potent and specific pendrin ligands has seen a breakthrough with 
the recently published studies of Verkman and colleagues (Haggie et al. 2016). 
These investigators used a semi-automated, high-throughput method to screen 
36,000 commercially available small compounds from multiple chemical classes 
for the ability to inhibit pendrin-mediated Cl−/SCN− exchange in Fischer rat thy-
roid cells. Compounds identified from two chemical classes – tetrahydropyrazo-
lopyridines and pyrazolothiophenesulfonamides – exhibited 50 % inhibition of 
pendrin transport activity in the low micromolar concentration range. Further char-
acterization of two of these candidates (PDSinh-A01 and PDSinh-C01) revealed 
similar inhibitory potency and efficacy against pendrin-dependent Cl−/SCN−, Cl−/
I−, and Cl−/NO3

− exchange activities. PDSinh-A01 showed slightly greater inhibi-
tory potency for pendrin’s Cl−/HCO3

− exchange activity, with 50 % inhibition at 
2.5 μM, while exhibiting no inhibition of the pendrin homolog SLC26A3/DRA, or 
of NKCC1, ENaC, CFTR, CaCC, or epithelial K+ channels. The 5 minutes lag time 
for onset of inhibition and the kinetics of reversibility upon compound washout 
suggested an intracellular site of action and excluded possible effects on transcript 
and/or protein levels. PDSinh-A01 was also found to increase airway surface liquid 
(ASL) depth in IL-13-treated human bronchial epithelial cells from healthy subjects 
and also from patients with cystic fibrosis, thus suggesting that pendrin inhibition 
can be applied therapeutically to increase ASL hydration in cystic fibrosis and other 
pulmonary diseases (Haggie et al. 2016).

A more recent study by the same group showed that in vivo administration of 
PDSinh-C01 in the setting of short- or long-term furosemide treatment increased 
urine output by 30 % and 60 %, respectively. The increased urine output was associ-
ated with increased natriuresis and chloruresis. Interestingly, treatment of mice with 
similar concentrations of PDSinh-C01 as a sole agent had no effect on urine output, 
salt excretion, or acid-base balance. These results are consistent with earlier mouse 
knockout studies (Soleimani 2015; Wall 2015), and strengthen the hypothesis that 
addition of pendrin inhibitors to a regimen of multiple diuretics may offer substan-
tial benefit in the treatment of hypertension, edema, and other fluid overload states 
resistant to combination therapy with currently available diuretics (Cil et al. 2016).

11.3.2  Rescuing Pendrin Function: Future Perspectives

As previously mentioned (see Sect. 11.2.3), studies in heterologous expression sys-
tems showed that polypeptide retention within intracellular compartments, a hall-
mark of protein misfolding, represents a major mechanism leading to loss of anion 
transport function of pathogenic pendrin protein variants. Exposure to physical or 
chemical chaperones was therefore envisioned as a promising approach to assist 
folding of pendrin mutants, allowing possible functional recovery. This strategy was 
successfully applied to pathogenic variants of the CFTR chloride channel (Nieddu 
et al. 2013). Incubation at low temperature (27 ºC) restored complex-glycosylation 
of several pathogenic pendrin variants (Table 11.2), a finding reproduced for pen-
drin variant p.H723R by treatment with the non-specific histone deacetylase 
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inhibitor, Na butyrate. Furthermore, the combination of Na butyrate treatment and 
reduced temperature rescued the Cl−/HCO3

− exchange activity of this pendrin 
mutant. However, the trafficking and activity of pendrin p.L236P and some other 
mutants were unmodified by these treatments, demonstrating heterogeneity of con-
formational defects among pendrin loss-of-function variants (Yoon et al. 2008). 
Incubation with 10 mM salicylate, a pharmacological chaperone used to stimulate 
plasmalemmal trafficking of inactive prestin/SLC26A5 mutants (Kumano et al. 
2010), also restored plasma membrane targeting and iodide transport activity in four 
of eight tested pendrin loss-of-function variants (Ishihara et al. 2010) (Table 11.2), 
confirming that a single strategy to assist folding of all mutant pendrin polypeptides 
will not likely be successful. However, these studies did document that at least some 
pendrin variants per se retain a certain level of ion transport ability, but their func-
tion results impaired by premature degradation and insufficient amounts of protein 
reaching the cell surface.

We envision notable future effort devoted to the search of strategies to stimulate 
plasmalemmal trafficking of pathogenic pendrin variants. Jung and collaborators 
recently showed that blockade of ER-to-Golgi transport or imposition of ER stress 
could induce a Golgi-independent cell surface expression of pendrin p.H723R via 
the unconventional protein secretion pathway. Importantly, restoration of cell sur-
face expression was accompanied by recovery of ion transport activity through a 
mechanism dependent upon heat shock cognate protein 70 (Hsc70) and HSP70 co- 
chaperone DNAJC14 activities (Jung et al. 2016).

As mentioned above, reduced total cell expression level of pendrin variant poly-
peptides is a common feature of hypomorphic or loss-of-function variants, likely 
reflecting increased degradation of the misfolded polypeptides. The mechanisms 
controlling turnover, and hence, expression levels of wild-type pendrin and its vari-
ants remain largely unexplored. An early report suggested that polyubiquitination 
may play a role in controlling degradation of wild-type and p.L236P pendrin 
(Shepshelovich et al. 2005). Lee and collaborators later identified a specific 
ER-resident E3 ubiquitin ligase (namely, Rma1) involved in degradation of wild- 
type and mutated pendrin (Lee et al. 2012). Thus, current data suggest that an 
enhanced degradation by the ubiquitin proteasome system may explain the reduced 
expression levels of hypofunctional pendrin variants. We therefore suggest that 
inhibition of pendrin variant degradation, combined with chaperonin-mediated 
assistance to achieve proper protein folding, could together constitute a therapeutic 
approach to restore or increase the activity of pathogenic pendrin variants.

The irreversibility of inner ear malformations resulting from pendrin malfunction 
poses a great challenge to any therapeutic approach targeting the pendrin polypeptide 
or its interactors. Studies on mouse models lacking pendrin expression selectively in 
the endolymphatic sac (Hulander et al. 2003) or in the cochlea and the vestibular laby-
rinth (Li et al. 2013) have shown that pendrin expression in the endolymphatic sac is 
both necessary and sufficient to rescue hearing and balance. In addition, studies with 
bi-transgenic pendrin null mice in which pendrin transgene expression can be induced 
by doxycycline under temporal control (Choi et al. 2011) showed that pendrin activity 
is not required for hearing maintenance in the mature inner ear, but is essential during 
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a critical window of embryonic development. Importantly, a recent study on the latter 
mouse model, in which hearing fluctuations were induced by reversal of doxycycline-
induced pendrin expression at embryonic day 17.5, showed that post-natal re-induction 
of pendrin expression could reduce or prevent later hearing fluctuations (Nishio et al. 
2016) (for a detailed description of mice models used to investigate pendrin function, 
see Chap. 2). Collectively, these findings suggest that a spatially and temporally limited 
therapy directed to the endolymphatic sac and focused on the prenatal or early post-
natal phase could restore hearing or prevent hearing fluctuations in patients with hear-
ing loss linked to pendrin mutations (Wangemann 2013).
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