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Abstract: SLC26A4 is one of the most common genes causing autosomal recessive non-syndromic
sensorineural hearing loss (SNHL). It has been reported to cause Pendred Syndrome (PDS) and
DFNB4 which is deafness with enlarged vestibular aqueduct (EVA). However, mutated SLC26A4 is
not conclusive for having either DFNB4 or PDS. Three unrelated Jordanian families consisting of eight
affected individuals with congenital bilateral hearing loss (HL) participated in this study. Whole-
exome and Sanger sequencing were performed to investigate the underlying molecular etiology
of HL. Further clinical investigations, including laboratory blood workup for the thyroid gland,
CT scan for the temporal bone, and thyroid ultrasound were performed. Three disease-causing
variants were identified in SLC26A4 in the three families, two of which were novel. Two families had
a novel pathogenic homozygous splice-site accepter variant (c.165-1G>C), while the third family had
compound heterozygous pathogenic variants (c.1446G>A; p.Trp482* and ¢.304G>A; p.Gly102Arg).
Our approach helped in redirecting the diagnosis of several affected members of three different
families from non-syndromic HL to syndromic HL. Two of the affected individuals had typical PDS,
one had DFNB4, while the rest had atypical PDS. Our work emphasized the intra- and inter-familial
variability of SLC26A4-related phenotypes. In addition, we highlighted the variable phenotypic
impact of SLC26A4 on tailoring a personalized healthcare management.

Keywords: Pendred syndrome; enlarged vestibular aqueduct; SLC26A4; hearing loss;
heterogeneity; DFNB4

1. Introduction

Solute carrier family 26, member 4 (SLC26A4; OMIM ID 605646) is a protein-coding
gene for pendrin that is mainly expressed in the thyroid gland, inner ear, and kidneys [1-4].
Pathogenic variants in this gene are known to cause two autosomal recessive disorders:
Pendred syndrome (PDS, OMIM: 274600) and DFNB4 (OMIM: 600791) which is deafness
with enlarged vestibular aqueduct (EVA). Both phenotypes include sensorineural hearing
loss (SNHL) and EVA. Mondini deformity, and vestibular abnormalities may also present in
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some patients with SLC26A4-related phenotypes [5,6]. Whereas some patients with PDS can
manifest hypothyroidism with or without goiter, others may have normal thyroid function
and structure [7-10]. Of note, goiter becomes apparent after the age of ten years [8].
Hypothyroidism, as one of PDS manifestations, if left untreated, can lead to different
complications including cardiovascular disease, depression and infertility [10]. Therefore,
it is recommended for those patients to have regular follow-up visits to optimize the
L-thyroxine therapy [7].

DFNB4 has a wide spectrum of variability in terms of onset, severity, and progression.
The onset of DFNB4’s HL can be triggered by head trauma [11-13]. EVA is considered
the most penetrant feature of both PDS and DFNB4 [12]. Mixed HL and SNHL have been
associated with DFNB4 [12]. Renal Pendrin plays a role in maintaining the blood’s pH,
particularly in cases of metabolic alkalosis [14]. Patients with PDS should not be given
thiazide diuretics as it can lead to life-threatening hypovolemia and metabolic alkalosis [15].

Only a few studies have been reported from Middle Eastern countries investigating the
phenotypes associated with SLC26A4 [16-20]. These studies were conducted on patients
from the United Arab Emirates (UAE), Iran, and Palestine [16-20]. Interestingly, intra- and
inter-familial variabilities were observed in some of these studies. To date, the genetic
background of patients with SLC26A4-related phenotypes has not been reported in the
Jordanian population.

In this study, we provide a detailed description of the clinical, audiological, radio-
logical, and genetic findings of three unrelated Jordanian families initially reported with
non-syndromic SNHL or mixed hearing loss (MHL). Intra- and inter-familial variability
were investigated. This work highlights the gap of the absence of a conclusive corre-
lation between SCL26A4 variants and the associated phenotypes. We also outline the
main features of the affected individuals and suggest changes for their periodic health
care follow-up.

2. Materials and Methods
2.1. Participants

Seventeen members from three unrelated Jordanian families were recruited in this
study, eight of which were initially diagnosed with non-syndromic SNHL or MHL (Figure 1).
Written informed consents were taken from all participating members including the chil-
dren’s guardians. All research was conducted in conformity with the defined ethical
standards of the declaration of Helsinki and was approved by the institutional review
board (IRB) (IRB number 2016/110) of Jordan University Hospital (JUH).
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Figure 1. Pedigrees of the three investigated Jordanian families (F1, F2, and F3) with variants in
SLC26A4. Females are represented by circles and males are represented by squares. Filled symbols
indicate affected individuals with hearing loss while empty symbols represent unaffected individuals.
Arrows point to the proband of each family. The zygosity of the identified genotypes, validated
using Sanger sequencing, was presented under the symbol of affected individuals and first-degree
family members. Abbreviations: W: wild type, M1: mutation ¢.165-1G>C, M2: mutation (c.304G>A;
p- Glyl02Arg), and M3: mutation (c.1446G>A; p.Trp482*).
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2.2. DNA Extraction

Peripheral blood samples were withdrawn from all participating members, and a de-
tailed clinical history was taken prior to evaluation. gDNA was obtained from whole
blood using Promega Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA)
following the instructions provided by the manufacturer. DNA was stored at —20 °C after
examining its purity and concentration using NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA).

2.3. Whole-Exome Sequencing and Data Analysis

Whole-exome sequencing (WES) was performed for the proband of each family
(F1: IV-3, F2: 1IV-1, and F3: V3), as described elsewhere [21]. Our filtration approach
was based on gene list-focused analysis (Table S1). The gene list was generated by com-
piling the genes from deafness-related literature, OMIM (https://omim.org; last accessed
19 November 2022), Hereditary Hearing Loss Homepage (HHL; https:/ /hereditaryhearingloss.
org; last accessed 19 November 2022), and Deafness Variation Database (DVD; https:
/ /deafnessvariationdatabase.org; last accessed 19 November 2022). The variants were pri-
oritized according to the following steps: (a) variants located in the coding and flanking re-
gion; (b) variants with minor allele frequency (MAF) for subpopulations of <1% in gnomAD
(https://gnomad.broadinstitute.org; last accessed 19 November 2022), TOPMed (https:
/ /topmed.nhlbi.nih.gov; last accessed 19 November 2022), 1000 Genomes Project (http://
www.internationalgenome.org; last accessed 19 November 2022), NHLBI Exome Sequenc-
ing Project (https:/ /evs.gs.washington.edu/EVS/; last accessed 19 November 2022), and
DGV  (http://dgv.tcag.ca/dgv/app/home; last accessed 19 November 2022);
(c) total read depth of >10x reads. We compiled a list of the variants that fulfilled the
previous filtration approach (Table S2). The short variant list underwent further anal-
ysis based on the mode of recessive inheritance, patient clinical picture, relevant liter-
ature, and available data from HGMD (http://www.hgmd.cf.ac.uk/ac/index.php; last
accessed 19 November 2022), OMIM (https:/ /omim.org; last accessed 19 November 2022),
GeneCards (www.genecards.com; last accessed 19 November 2022), and varsome (https:
/ /varsome.com; last accessed 19 November 2022). Variant classification was based on
expert specifications of the ACMG/AMP guidelines for genetic hearing loss [22].

2.4. Co-Segregation Analysis

Primers flanking the identified candidate variants were designed. Sequences of the
forward and the reverse primers and their PCR conditions are presented in Table S3.
Co-segregation of the disease with the identified candidate variants was performed by bi-
directional Sanger sequencing. The diagrammatic representation of SLC26A4 was created
using Lollipops variant visualization tool (https:/ /joiningdata.com/lollipops/index.html;
last accessed 19 November 2022).

2.5. Clinical Examination

Individuals had a detailed clinical evaluation. Pure tone audiometry was performed
for the affected patients at the time of the study. Previous history of audiological assess-
ments was retrieved from the medical records of the patients. High-resolution temporal
bone computerized tomography (CT) scan without contrast was performed for all affected
individuals to look for EVA. EVA is considered enlarged if its midpoint width is more
than or equals to 1.5 mm based on Valvassori and Clemis criterion. Thyroid ultrasound
(U/S) and thyroid function tests including serum thyroid stimulating hormone (TSH),
serum free thyroxine (FT4), serum free triiodothyronine (FT3), anti-thyroid peroxidase
antibodies (anti-TPO Ab), thyroglobulin (Tg), and anti-thyroglobulin antibodies (anti-
Tg Ab) were evaluated for affected members. Previous medical records were obtained
and investigated thoroughly.
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3. Results
3.1. Audiological Findings

Participants from three unrelated Jordanian families presenting with the initial diag-
nosis of non-syndromic SNHL or MHL and their unaffected first-degree family members
were included in this study for genetic assessment (Figure 1).

We examined the audiological and hearing loss status of the affected members of
the three families (Table 1 and Figure 2). F1 had four affected siblings (IV—2, IV—3, and
the twins IV—4, and IV—5) and they all had congenital severe to profound SNHL that
is progressive and bilateral (Figure 2A-D). The elder brothers (IV—2; 29 years and IV—3;
25 years) who had moderately severe to profound SNHL are completely deaf now as they
did not receive any HL intervention. Figure 2A—C shows the progression pattern of one
of the elder brothers (IV—3) which progressed from severe sloping at the age of 1 year
and 7 months to flat profound at 6 years to dead ears at 17 years (Figure 2A-C). However,
the twins (IV—4 and IV—5; 17 years) had unilateral cochlear implant at the right side at
the age of 9 years which improved their HL from profound to moderate (Figure 2E,F).
Speech rehabilitation for the twins continued until high school age. Moreover, distant
family members were reported to have HL.

125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000
) 750 1500 3000 6000 ) 750 1500 3000 6000 -10 750 1500 3000 6000
0 " " 0 : . . o I 1 N
5 10 5 10 5 10
S 2 £ g2
8 30 ¥ 30 & 30
' 40 ' 40 ' 40
H K T
2 s < so 2 so
< 60 < 50 <60
27 _'\ 20 270
™ 80 ‘" 80 w5 80
2 4 2
T 0 AN #—— T %0 T %0
100 H =T i 100 100
10| 1ol 10|
120 1 I 120 8 4(\&& 120l 55 LR,
Frequency - Hertz Frequency el Frequency
125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000 125 250 500, 1000 2000 4000 8000
B 750 1500 3000 6000 B 750 1500 3000 6000 0 750 1500 3000 6000
) . ) T ) o R
< 10 H H H < 10 5 10 q + T
S 20 - - - £ 20 - H H H
& 30 & 30 & 30
' 40 i ' 40 40 *I:
T 5o 1 T so 2 50 W
2 N 2 >
2 so& 2w 2 50
£ 70 £ 70 < 70
" 80 % 80 w80
I 0 I %0 K T %0
100 100 +_ 100
1o — | | 110 | Y“* 110
120l | %_ 120l I [T 120!
Frequency - Frequency - Hertz Frequency - Hertz
125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000
-0 750 1500 3000 6000 - 250 1500 3000 6000 -10 750 1500 3000 €000
0 .- 0 S 0 P T
5 10 5 10 - 5 10
£ 20 £ 20 - S 20
& 30 & 30 . g 30
1 40 140 ¥ ¥ ¢ 1 40
£ £ TR g%
= 60 = 60 = 60
?70—% 27 §—‘_ g g7o_l.<i s
5 80 L || 5 el X o 5 80
o \?47 A mE N i X i el
100 100] 100
1o ] K 1o S o | k‘l‘i'&l_ﬂ-'
120 1 | 120 N 120 T TTT1
Frequency - Hertz Frequency - Hertz Frequency - Hertz

Figure 2. Audiograms of selected family members. Audiograms of F1: IV3 (c.165—1G>C) are shown
in (A—C) at the age of 1 year and 7 months, 6 years, and 17 years, respectively. (D) for F1: IV-2 at the
age of 3 years. Audiograms of F1: IV—5 are depicted in (E,F) before and after cochlear implant at
the age of 4 and 5 years, respectively. (G) for F2 (p.Gly102Arg and p.Trp482*): IV—1 at the age of
7 years. (H) for F2: IV-3 at the age of 5 years. (I) for F3 (c.165—1G>C): V—4 at the age of 20 years.
The symbols of the red circles and the blue crosses represent the readings of earphones unmasked
air conduction of the right and left ear, respectively. Blue triangles for the masked air conduction
readings of the right ear. The (<) and (>) symbols are used to represent the reading of the mastoid
unmasked air conduction of the right and left ears, respectively. Arrows on any of the symbols
represent no response.
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Table 1. Audiological findings and investigations of the affected members.

Severity of HL . . L High-Resolution Temporal Bone
F# Individual Age Sex Age at HL Onset - HL Progression  Vertigo/Dizziness SNHL Intervention Computerized Tomography (CT)
Right Ear Left Ear Scan without Contrast
Enlarged vestibular aqueducts (Rt
Severe to Moderately 1.5 mm, Lt 2 mm).
V-2 29 M Congenital rofound SNHL severe to Yes No Completely deaf Focal dehiscence of the posterior
P profound SNHL semi-circular canals bilaterally.
Prominent/Slightly dilated vestibule.
Appearances are suggestive of Type
IT incomplete partition (Mondini
deformity) bilaterally manifested by
: fused cystic cochlear apex as well as
1 V-3 25 M Congenital Profound SNHL  Profound SNHL Yes No Completely deaf enlarged vestibular aqueducts. (Rt
2 mm, Lt 2.5 mm).
Focal dehiscence of the posterior
semicircular canals bilaterally.
V-4 17 F Congenital Profound SNHL  Profound SNHL Yes Yes Cochlear implant at 9 years old Both vestibular aqueducts are dilated
(Rt 3 mm, Lt 2.6 mm).
V-5 17 F Congenital Profound SNHL ~ Profound SNHL Yes Yes Cochlear implant at 9 years old Both vestibular aqueducts are dilated
(Rt 2 mm, Lt 2.2 mm).
Severe to Severe to Enlarged vestibular aqueducts (Rt
V-1 9 M 2 years profound SNHL  profound SNHL Yes No Hearing aids 3.5 mm, Lt.3 mm): Mildly dilated
vestibule bilaterally.
Enlarged vestibular aqueducts (Rt
2.4 mm, Lt 1.7 mm). Mildly dilated
vestibule bilaterally. Probable focal
2 bony dehi f the posteri
y dehiscence of the posterior part
Moderate to Severe to . . . .
V-3 5 M 2 years Yes No Hearing aids of the superior semicircular canals
severe MHL profound MHL .
bilaterally. These also showed
slightly small lumen and faint
sclerosis compared to the anterior
part of the semicircular canal.
Moderately Moderately . . .
V-3 16 F 3.5 months severe SNHL severe SNHL Yes No Hearing aids Not available.
3
Severe to Severe to . . Bilateral enlarged vestibular
V-4 23 M 13 years profound SNHL  profound SNHL Yes No Hearing aids aqueduct (Rt 1.9 mm, Lt 3 mm).

Abbreviations: SNHL:

sensorineural hearing loss, MHL: mixed hearing loss, Rt: right, Lt: left.
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F2 had two affected young siblings (IV—1; 9 years and IV—3; 5 years). They had SNHL
and MHL, and the onset was at 2 years. Their HL has been deteriorating constantly and the
eldest affected child, IV—1, had more severe HL in comparison to his younger sibling IV—3.
Both affected siblings (IV—1 and IV —3) are currently using hearing aids (Figure 2G,H).

F3 had two affected siblings (V—3; 16 years, and V—4; 23 years). V—4 had severe to
profound progressive MHL that started at the age of 1 year and 4 months while V—3 had
moderately severe SNHL that has started at the age of 3.5 months (Figure 2I). They are both
currently using hearing aids.

3.2. WES Findings

The proband of each family (F1: IV-3, F2: IV—1, and F3: V3) underwent WES
which identified three disease-causing variants (DCV) in the SLC26A4 gene (Transcript ID:
NM_000441.1, Table 2).

3.2.1. Family F1 and Family F3 WES Findings

A novel homozygous splice-site accepter variant (c.165—1G>C) in SLC26A4 was
identified in F1 and F3. In silico variant assessment tools predicted this splice variant
to cause a splice site loss (Table 2). This variant is absent from the population database
(gnomAD; https:/ /gnomad.broadinstitute.org; last accessed 19 November 2022) and is not
listed in ClinVar. Loss of function (LoF) variants are a known mechanism of pathogenicity
in SLC26A4, and LoF variants have been previously reported as disease-causing near the
same splicing region [5,23]. Furthermore, this variant co-segregated with the disease in
both families. Collectively, we classify this LoF variant as pathogenic.

3.2.2. Family F2 WES Findings

We found two variants in SLC26A4 (c.1446G>A and ¢.304G>A). The first variant
(c.1446G>A; p.Trp482*) is a novel nonsense variant in exon 13. Nonsense-mediated mRNA
decay (NMD) is predicted to occur as the distance between this stop codon and the nearest
3" end of the exon—-exon junction is >55 nucleotides long. This LoF variant was not available
in either ClinVar or gnomAD databases. Several studies reported pathogenic LoF variant
in exon 13 [24,25].

The second variant in F2 is a missenses variant (c.304G>A; p.Gly102Arg) and is located
in the splicing region of exon 3. This change introduced arginine instead of glycine at
residue number 102. This variant was reported in ClinVar (ID: VCV001301849, classified
as pathogenic/likely pathogenic; last accessed 24 April 2022) and gnomAD (total allele
frequency: 0.000003978). This variant has been previously reported in Iranian patients
affected with SNHL and with PDS [26-29]. Further, co-segregation analysis for F2 revealed
these two variants (c.1446G>A and ¢.304G>A; Table 2 and Figure 1) to be in trans. Given
together, we classified these two variants as pathogenic.

3.3. Co-Segregation Analysis

The three candidate variants were further investigated for co-segregation by Sanger
sequencing (Figures 1 and 3). All affected individuals in F1 (IV-2, IV-3, IV-4, and IV-5) and
F3 (V-3 and V-4) were homozygous for the sequence change (c.165-1G>C). The parents
(F1: III-7 and III-8, F3: IV-1 and IV-2) were heterozygous carriers. The available unaffected
sibling was either heterozygous (F3: V-6) or homozygous for the wild type allele (F1:
IV-1). Regarding F2, the unaffected father harbored the nonsense variant (c.1446G>A;
p-Trp482*) in a heterozygous state, while the mother had the missense variant (c.304G>A;
p-Gly1l02Arg) in a heterozygous state. The affected F2 members (IV-1 and IV-3) were
found to be bi-allelic for ¢.1446G>A and ¢.304G>A. Their unaffected sibling (IV-2) was
heterozygous for ¢.304G>A (Figures 1 and 3).
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Table 2. Candidate variants identified by whole-exome sequencing in the three families
Variant Coordinate ClinVar, Max‘i mum
. Last Minor ACMG
Family Gene Exon HGVS HGVS Transcript Consequences Accessed Allele Zygosity In-Silico Predictions o Reference
Number _— - cDNA Amino 12 July Frequency Cla§51ﬁca-

& & Acids 2022 gnomAD tion

- NetGene2: Not

detected acceptor site
- NNSplice: Not
. . B Splice Not V2/V3: detected acceptor site .
land 3 chr7:107663295 chr7:107303740 -  c.165—-1G>C - acceptor reported Absent Homozygous ~ MaxEntScan: High Pathogenic
impact
- SpliceAl: Acceptor
loss
SLC26A4 NM_000441.1
REVEL score: 0.944
Missense Reported V2: (Pathogenic)
chr7:107663435 chr7:107303880 3/21 ¢.304G>A  p.Glyl02Arg Splice (Variation ~ 0.000008800 Compound SIFT: 0 (Damaging) Pathogenic [26-29]
2 region ID:1301849) V3: Absent ~ Heterozy- PROVEAN: 0.9569
gous (Damaging)
Not V2/V3: Nonsense-mediated .
. . *
chr7:107695941 chr7:107336386 13/21 c.1446G>A p-Trp482 Nonsense reported Absent decay is predicted Pathogenic

Abbreviations: ACMG, American College of Medical Genetics; gnomAD, the genome aggregation database; HGVS, human genome variation society; V, version.
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c.304G>A c.165-1G>C C. 1446 G>A
GACACTTGT
\/\ i ,~./\‘.~\ Hom mutant
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Figure 3. Schematic representation of the location of the variants in SLC26A6. The upper pane
represents the corresponding chromatograms of the identified variants. Variant locus is highlighted
in yellow. Black peak, G base; blue peak, C base; red peak, T base; green peak, A base. Abbreviations:
Hom: homozygous, Het: Heterozygous.

Pathogenic variants in SLC26A4 are associated with DFNB4 (OMIM: #600791) and
PDS (OMIM: #274600). These genetic findings urged us to further investigate inner ear
malformations that are associated with DFNB4, and thyroid manifestations that might be
due to PDS in affected individuals.

3.4. Temporal Bone CT Findings

Affected members of the three families were examined by temporal CT for inner ear
malformations (Table 1 and Figure 4). Temporal CT scan of the four affected siblings in F1
(IV—2,1IV—=3, and the twins IV—4, and IV—5) showed that they had bilateral asymmetrical
EVA. Moreover, the two brothers (IV—2 and IV—3) had bilateral focal dehiscence of the
posterior semi-circular canals. IV—3 had appearances suggestive of Mondini deformity as
well. IV—3’s CT scan showed unremarkable right external auditory canal, clear mastoid air
cells, antrum and middle ear cleft, and normal morphology and alignment of the middle
ear ossicles. The basal cochlear turn of IV—3 appears normal. The cochlear apex appears
cystic due to fused middle and apical turns. The dilated vestibular aqueduct and significant
thinning of the bony roof of the posterior semicircular canal suggestive of dehiscence were
found in IV—3 CT scan as well. Normal appearances of the internal auditory canal, carotid
canal, jugular bulb and cochlear aqueduct. Normal appearances of the lateral and superior
semicircular canals were detected. The twins (IV—4 and IV—5; 17 years) were the only
affected members to experience dizziness and vertigo.

F2 affected siblings (IV—1 and IV—3) showed bilateral asymmetrical EVA for both of
them and focal bony dehiscence of the posterior semicircular canals for IV—3 bilaterally.
No dizziness or vertigo was reported. V—3 and V—4 from F3 denied having vertigo and
dizziness. CT scan of F3: V—4 showed bilateral asymmetrical EVA. Given together, all of
the diagnostic criteria of DFNB4 associated with SLC26A4 were met in the three families
with some variability. All affected members had early-onset (between 0 to 2 years) bilateral
progressive SNHL or MHL. The severity of the HL ranged from moderate to profound and
it was associated with vertigo or dizziness in only the twins (F1: IV—4 and IV—5). Available
CT scans of all affected individuals revealed that they have bilateral and asymmetric EVA
at variable widths exceeding 1.5 mm. Three of the affected individuals (F1: IV—2 and
IV -3, F2: IV—-3) have shown to have focal dehiscence of the posterior semi-circular canals
bilaterally. Moreover, only one patient (F1: IV-3) had appearances suggestive of Mondini
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deformity. The MHL of IV—3 can be due to chronic otitis media with effusion which
indicated medical treatment and grommet tube insertion. At the time of examination,
the tubes were no longer present in the ear, but the surgical site was complicated with
perforation on the right side and glue was still present on the left side. There was an
incomplete closure of air-bone gap on the right side and partial incomplete closure on
the left side. Moreover, the MHL can also be due to the CT findings of the focal bony
dehiscence of the posterior part of the superior semicircular canals bilaterally (Figure 4).
The genetic testing pinpointed the two-differential diagnoses for the affected individuals.
However, thyroid endocrine profiling would settle on their diagnosis as DFNB4 or PDS.

i \ 7 Y ¥ E =

Figure 4. Temporal CT scan findings for F1: IV-3 and F1: IV-4. (A,B) Axial view of bilateral temporal
bone CT scan for F1: IV-4 at the age of 17 years old post cochlear implantation where the blue lines
represent the length of the EVA. The red circle shows the electrodes of the cochlear implant and the
green rectangle shows the implanted cochlear device (A) for the right side and (B) for the left side.
(B,C) Axial view of bilateral temporal bone CT scan for F1: IV-3 at the age of 25 years old showing
features of incomplete partition I (Mondini Deformity) indicated by the blue circle (C) for the left
side and (D) for the right side.

3.5. Thyroid Findings

We examined the clinical features suggestive of PDS for the three affected families
(Table 3). F1 affected siblings (IV—2, IV—3, and the twins IV—4, and IV—5) showed wide
variability in their findings. The eldest two siblings (IV—2 and IV—3) have normal sized
thyroid gland without lesions in their thyroid U/S. Their blood tests were all normal
except for Tg which was only elevated in IV-3. Thyroid U/S for the twins (IV—4 and
IV-5) showed diffuse goiter with multiple bilateral small anechoic oval nodules and
heterogeneous echogenicity. It is worth mentioning that F1: IV-4 was diagnosed with
hypothyroidism four years ago and required L-Thyroxine therapy; however, she has not
been compliant with it. The blood tests of her twin (IV-5) showed that she was euthyroid.
Although Tg was elevated in both, it was 10—fold higher in IV—4.

Both of F2 affected members were similar in findings of the affected individual F1:
IV—3. Thyroid gland size was normal by U/S without any nodularity. All blood tests were
within the normal range except for Tg which was elevated in both patients. We have tested
their unaffected young brother F2: IV—2 as a control to make sure if his Tg level was also
elevated, which apparently was within the normal range.

F3 affected members (V—3 and V—4) did not have any goiter. Thyroid U/S of F3:
IV—4 was normal in size and echogenicity.

The genetic findings of SLC26A4 along with the clinical examination and investigations
suggested a variable set of differential diagnosis for the affected patients. Variability was
noted in inter- and intra-familial levels.
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Table 3.

Clinical characteristics and investigations of the thyroid gland.

TSH TG

Anti-TG Ab

Anti-TPO Ab
(Up to 30 IU/mL)

Thyroid Ultrasound

F# Individual

Visible
Age Goiter

FT3
(1.2-4.1 FT4
(0.89-1.72 ng/dL) (3.5-77 ng/mL)

pg/mL)

(0.4-4.5 mIU/mL)

(Up to 115.0 TU/mL)

Normal size, echo pattern, and blood
flow of the thyroid gland.
No thyroid nodules are seen.

V-2

3.4 66.08

<10.0

3.2

Normal submandibular glands.
No cervical lymph node enlargement.
Right thyroid lobe measured about
1.5 x 1.6 x 4.6 cm.

Left thyroid lobe measured about
1.7 x 1.1 x 5 cm.

Normal size, echo pattern, and blood
flow of the thyroid gland.
No thyroid nodules are seen.

v-3

25 No

112

3.2 1.1

<10.0

1.3

Normal submandibular glands.
No cervical lymph node enlargement.
Right thyroid lobe measured about
2.1 x1.6 x 4.8cm.

Left thyroid lobe measured about
1.8 x 1.3 x 5.1 cm.

Both thyroid lobes and isthmus are
diffusely enlarged.
Isthmus AP diameter of 8.9 mm.

V-4

17 Yes

3.8 0.869 5.27 1000

Negative

Negative

Multiple bilateral anechoic oval
nodules some with septation.
Heterogeneous course echo texture.

Both thyroid lobes and isthmus are
enlarged. Isthmus AP diameter 5 mm.
Multiple bilateral small

IV-5

37 1.08 223 138

Negative

Negative

anechoic nodules.
There is well defined hypo echoic
and anechoic nodule of 9 x 3.5 mm
in the left lobe close to the isthmus.
Heterogeneous course echo texture.
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Table 3. Cont.

F# Individual

Age

Visible
Goiter

FT3
(1.2-4.1
pg/mL)

FT4
(0.89-1.72 ng/dL)

TSH
(0.4-4.5 mIU/mL)

TG
(3.5-77 ng/mL)

Anti-TG Ab
(Up to 115.0 IU/mL)

Anti-TPO Ab
(Up to 30 IU/mL)

Thyroid Ultrasound

V-1

24

1.4

1.2

130.6

10.6

8.7

Normal size, echo pattern, and blood
flow of the thyroid gland.
No thyroid nodules are seen.
Normal submandibular glands.
No cervical lymph
node enlargement.
Right thyroid lobe measured about
17 x 1.7 x 42 cm.
Left thyroid lobe measured about
12 x 1.7 x 4 cm.

V-3

1.3

1.6

96.59

11.8

49

Normal size, echo pattern, and blood
flow of the thyroid gland.

No thyroid nodules are seen.
Normal submandibular glands.
No cervical lymph
node enlargement.

Right thyroid lobe measured about
1 x 1.5 x 3.6cm.

Left thyroid lobe measured about
15 x 14 x3.1cm.

V-8

3.8

1.57

1.4

18.1

11.8

47

V-3

16

No

23

2.02

Both thyroid lobes and isthmus
appear normal in size and
echogenicity.

The right thyroid lobe measuring
2.5 x 3.7 x 4.6 cm.

The left thyroid lobe measuring
2.7 x 2.5 x 5.7 cm.

No cystic or solid mass lesions could
be seen.

No significant enlarged lymph nodes
could be seen on both sides of
the neck.

Abbreviations: U/S: Thyroid ultrasound, TSH: serum thyroid-stimulating hormone, FT3: serum-free triiodothyronine, FT4: serum-free thyroxine, anti-TPO Ab: anti-thyroid peroxidase
antibody, Tg: thyroglobulin, anti-Tg Ab: anti-thyroglobulin antibody.
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4. Discussion

In this study, we performed genetic and clinical analyses on three unrelated Jordanian
families with SNHL or MHL (Figure 1). After WES analysis, we identified three variants in
SLC26A4, two of which (c.165—1G>C and p.Trp482*) were novel (Table 2). This is the first
report for patients with PDS-suggestive findings to be molecularly investigated in Jordan.

Genetic Findings in SLC26A4. All of the affected individuals from the three investi-
gated families had bi-allelic alterations in SLC26A4. Members with HL from F1 and F3
were homozygous for the same splice-site variant (c.165—1G>C), while those in F2 had
compound heterozygous variants (p.Trp482* and p.Gly102Arg; Figures 1 and 3). However,
variants in SLC26A4 causing DFNB4 or PDS can also be di-genic with other genes such as
FOX1, EPHA2, and KCNJ10 [30-34]. These genes did not harbor any candidate DCVs in
our cases. This implies that the described variabilities in the SLC26A4-related phenotypes
in our families are not driven by di-genic variants in the aforementioned genes.

Audiological findings in the context of the DCVs. Previous studies correlated the number
of mutated alleles in SLC26A4 to the severity of DFNB4. Bi-allelic variants led to higher
inner ear fluid pressure, worse hearing threshold, and more severe inner ear malformations
by having a wider EVA and Mondini defect [13]. All the patients in this study had early-
onset SNHL that is pre-or peri-lingual, progressive, associated with EVA, and sometimes
vestibular abnormalities. These described audiological findings were compatible with the
differential diagnosis of DFNB4 and PDS. Cochlear implants for SLC26A4-related cases
demonstrated better residual hearing than those who did not [11]. Likewise, in our study,
audiograms of one of the twins (F1: IV—5) before and after the cochlear implantation
showed improvement. This can be noticed by comparing the audiograms of her two elder
siblings (F1: IV—2 and IV—3) who did not have a cochlear implant and are completely deaf
now (Figure 2 and Table 1) [11]. All cases affected by SLC26A4-related phenotypes require
periodic audiological examinations to calibrate their hearing aids [8]. Cochlear implants
are advised to be used to prevent these patients from being mute.

Thyroid findings in the context of the DCVs. Since DFNB4 and PDS have multiple
overlapping features, thyroid manifestations are considered the distinguishing feature
between SLC26A4’s associated phenotypes [7]. Typically, PDS is associated with goiter
and accompanying overt hypothyroidism, subclinical hypothyroidism, or euthyroidism [7].
Goiter in PDS usually develops in late childhood and early adolescence, making it difficult
to diagnose PDS at a young age [35]. To evaluate thyroid function, several investigations
were carried out, including thyroid U/S and other lab testing [7].

Families with the homozygous splice-site variant (c.165—1G>C). Thyroid investigations for
the four affected individuals from F1 who had the splicing variant (c.165—1G>C) showed
that only one patient (F1: IV—4) had hypothyroidism with goiter, which is typical for PDS.
However, the rest of the four affected members were euthyroid. The only euthyroid patient
with diffuse enlargement and nodularity in thyroid U/S was F1: IV-5 (the twin of F1: IV—4).
Thus, she was also diagnosed with PDS. Similarly, Sakurai et al. showed that identical
twins with PDS can have different levels of progression [36]. Particularly, although both
had thyroid nodules, one of the twins developed papillary thyroid carcinoma whereas
the other twin’s nodules were benign [36]. Several studies showed that PDS nodules can
progress to thyroid carcinoma [36]. This association was validated functionally by low
SLC26A4’s mRNA expression and low immunostaining for pendrin in cancerous thyroid
tumors [36,37]. Therefore, we recommend periodic follow-up investigations for the investi-
gated twins (F1: IV—4 and F1: IV—5) to exclude any possible malignant transformation in
the future.

The two other affected siblings in this family (F1: IV—2 and IV—3) had different
symptoms than the twins (F1: IV—4 and IV—5). The individuals (F1: IV—-2 and IV—-3)
did not have goiter, favoring the diagnosis of DFNB4 rather than PDS. Nevertheless, the
elevated Tg in F1: IV—3 triggered the suspicion of atypical PDS [7,35]. Elevated serum Tg is
a non-specific finding of PDS and can be associated with different thyroid pathologies [38].
In compliance, elevated Tg levels have been reported in PDS patients who do not have
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goiter [35]. Therefore, F1: IV—3 should have periodic thyroid function tests to monitor the
potential progression of thyroid disorder.

F3 had the same DCV that was identified in F1 (c.165—1G>C). Available findings
for F3: V—4 (MHL, EVA, and normal thyroid U/S) are suggestive of DFNB4. However,
this cannot exclude the possibility of PDS as further thyroid investigations are needed.
Therefore, further surveillance is needed to diagnose any delayed thyroid abnormalities.

In the same splicing region of the identified variant in F1 and F3 (c.165—1G>C), another
pathogenic variant was reported by Trevino et al. (c.165—1G>A) [23]. The previously re-
ported variant (c.165—1G>A) was compound heterozygous with another likely pathogenic
missense variant (p.Ala411Pro). The siblings, harboring the variant (c.165—-1G>A), had
PDS. The elder sibling had a significantly enlarged goiter at the age of 20 years, but she was
clinically euthyroid. This sibling had prelingual SNHL diagnosed at the age of 6 months.
Her clinical picture was similar to that of F1: IV—5, who had congenital SNHL and euthy-
roid nodularity except that her goiter was not as large as the elder sibling’s as reported by
Trevino et al [23]. This could be a sign that the nodules in F1: IV—5 might enlarge over time,
resulting in large neck goiter in their twenties. This necessitates close monitoring of F1:
IV -5 by endocrinologists. The younger sibling reported by Trevino et al [23]. had congeni-
tal HL and was mute. He had delayed motor milestones and congenital hypothyroidism.
His large goiter was noted at 9 years of age. Although he was treated with iodine, he
presented clinically with hypothyroidism and mental retardation at the age of 14 years [23].
Compared with F1: IV—4, he had a more severe and earlier onset type of PDS.

Furthermore, the siblings reported by Trevino et al. [23] had Mondini deformity,
which was not found in the two PDS patients in F1 (IV—4 and IV—-5). Only F1: IV-3
had the Mondini deformity, which we considered in his diagnosis as atypical PDS with
elevated Tg and congenital SNHL. Although these two splicing variants (c.165—1G>A
and c.165—1G>C) are located in the same position, inter- and intra-familial phenotypic
variability can be observed. This can be attributable to yet-to-be-identified modifier genes.

A family with compound heterozygous variants. The two affected children in F2, IV—1
and IV—3, had compound heterozygous variants (p.Trp482* and p.Gly102Arg). Thyroid
investigations for these two children showed elevated Tg levels and euthyroid without
goiter. Their normal thyroid size can be attributed to their young age [35]. Their third
unaffected young brother (F2: IV-2) had normal Tg levels. Based on these tests, we
diagnosed F2: IV—1 and IV—3 as atypical PDS. A member from F1, IV—3, also had atypical
PDS, albeit with different variants in SLC26A4. Their management plan should include
a multidisciplinary approach by pediatric, endocrine, and ear, nose, and throat (ENT)
physicians. Moreover, their parents should be informed that they have normal thyroid
function tests but that they require regular follow-ups. Cochlear implants should be
initiated for them as soon as possible.

One of the variants in F3 (p.Trp482*) has not been reported before, while the other
(p-Gly102Arg) has been reported in several studies [26-29]. Taylor et al. reported the
variant (p.Gly102Arg) in a homozygous state in a PDS patient presenting with goiter and
hypothyroidism [26]. He was diagnosed with HL at 17 months [26]. In our study, affected
members in F2 had a comparable age of HL onset at 24 months. In addition, Cengiz et al.
reported the same variant with SNHL without any indications of thyroid or EVA [28].
A functional study on this variant by minigene splicing assay (p.Gly102Arg) detected
abnormally spliced transcripts that resulted in altered pendrin function and loss of iodide
efflux [27,29].

The nutritional status of iodine affects the onset of thyroidal abnormalities and the de-
velopment of goiter in PDS patients [7]. We do not think that it had an effect on our patients
as they are all living in the same region in Jordan where we have adequate iodine levels
with a urine iodine concentration median of around 203 pg/L [39]. Moreover, unaffected
family members and their family history are not known to have any thyroid manifestations.

This study showed a wide variety of phenotypes associated with SLC26A4 variants at
inter- and intra-familial levels. Only two patients had PDS (F1: IV—4 and F1: IV—5), one
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had DFNB4 (F1: IV—2), and the remaining patients had atypical PDS (F1: IV-3 and F2: IV-1
and IV—3). Unfortunately, we could not formulate a deferential diagnosis for F3: V—2 and
V —4 due to the limited available data.

SLC26A4 in the Middle Eastern countries. Two families from the United Arab Emirates
were reported to have disease-causing variants in SLC26A4 [16]. One of them had findings
suggestive of PDS within all affected family members, while the other had DFNB4 [16].
Another study conducted in Palestine revealed two families with variants in SLC26A4 [17].
One of these families was reported to have members with either DFNB4 or atypical PDS; the
individuals from the other family were found to have severe to profound HL [17]. Moreover,
three studies were reported from the Iranian population and described variable inter- and
intra-familial manifestations in the SLC26A4-related phenotypes [18-20]. Collectively, these
findings highlight that inter-and intra-familial variability of SLC26A4-related phenotypes
in the Middle East region can be evident in reports of certain countries but not others.

Previously, no significant associations were drawn between the types of SLC26A4
variants, the onset of HL, and the tendency for progression [13,40-46]. However, PDS
patients have been marked to have a worsening outcome of HL compared to DFNB4
patients. We believe this supports the idea that DFNB4 and PDS are continua to each
other [13]. A study on several SLC26A4 variants causing either PDS or DFNB4 showed that
pendrin function, which is iodide and chloride transportation to thyrocytes, was completely
lost in PDS but some of these ions were transported in DFNB4 [47]. This suggested that the
minimal residual function of pendrin in DFNB4 is good enough to prevent or delay the
onset of goiter [47]. Moreover, this wide variability in clinical aspects suggests that there
are other modifier genes or epigenetic changes affecting the phenotypes.

Given the variable phenotypic impact of SLC26A4, healthcare management needs
to be personalized. Typical PDS patients should follow up for malignant transformation.
Thiazide diuretics should not be administered to PDS patients to avoid hypovolemia
and metabolic alkalosis [14,15]. Atypical PDS patients, even if they do not manifest any
thyroid-related symptoms, should have the thyroid profile added to their periodic health-
care plan. DFNB4 patients, along with typical and atypical PDS, should be observed by
ENT physicians.

5. Conclusions

This study further stresses the variability associated with mutated SLC26A4’s pheno-
types and reports them for the first time in the Jordanian population. We identified three
variants in SLC26A4, two of which were novel. We studied the associated phenotypes,
which were variable at the intra-and inter-familial levels. Augmenting our current find-
ings with the previous and future corpus of genetic findings might pave the way to the
establishment of genotype—phenotype correlations. This study reveals the importance of
tailoring personalized medical care for individuals with variants in SLC26A4 based on their
associated phenotype. Early diagnosis of SLC26A4-related phenotypes can improve the
management of potential thyroid manifestations. This work creates an avenue towards con-
sidering SLC26A4 as part of the molecular testing for children presenting with congenital
or early-onset SNHL.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13122192/s1, Table S1: The deafness-associated gene list
that was used for filtration; Table S2: The list of the variants and their details after the initial filtration;
Table S3: Primers for the identified variants in SLC26A4 that were used for the co-segregation analysis
by Sanger Sequencing.


https://www.mdpi.com/article/10.3390/genes13122192/s1
https://www.mdpi.com/article/10.3390/genes13122192/s1

Genes 2022, 13, 2192 15 of 17

Author Contributions: Conceptualization: M.T., B.A. and D.A.; Data curation: D.A., Z.D., L.S.
and B.H.A.; Methodology: D.A., WS.A,, Z.D,, L.S. and B.H.A.; Formal analysis and investigation:
B.O.A.A,D.A, ZD., LS. and Z.E.O.; Writing—original draft preparation: M.T., B.A., B.O.A.A. and
D.A.; Writing—review and editing: B.A., D.A., A/ A.Z. and Z.E.O.; Funding acquisition: M.T. and B.A.;
Resources: W.S.A., A.A.Z. and Z.E.O.; Clinical investigations including endocrine and audiological
assessments: M.T., A.A.Z. and Z.E.O,; Supervision: M.T. and B.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was funded by The University of Jordan Deanship of Scientific Research
(grant number 2238).

Institutional Review Board Statement: All research was conducted in conformity with the defined
ethical standards of the declaration of Helsinki and was approved by the institutional review board
(IRB) (IRB number 2016/110) of Jordan University Hospital (JUH).

Informed Consent Statement: Informed consent was obtained from all individual participants in-
cluded in the study. Patients signed informed consent regarding publishing their data and photographs.

Data Availability Statement: All data generated or analyzed during this study are included in the
published article and its supplementary information files.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Everett, L.A.; Glaser, B.; Beck, ].C.; Idol, ].R.; Buchs, A.; Heyman, M.A.; Adawi, F,; Hazani, E.; Nassir, E.; Baxevanis, A.D.; et al.
Pendred Syndrome Is Caused by Mutations in a Putative Sulphate Transporter Gene (PDS). Nat. Genet. 1997, 15, 57-61. [CrossRef]
[PubMed]

Royaux, LE.; Suzuki, K.; Mori, A.; Katoh, R.; Everett, L.A.; Kohn, L.D.; Green, E.D. Pendrin, the Protein Encoded by the
Pendred Syndrome Gene (PDS), Is an Apical Porter of Iodide in the Thyroid and Is Regulated by Thyroglobulin in FRTL-5 Cells.
Endocrinology 2000, 141, 839-845. [CrossRef] [PubMed]

Royaux, L.E.; Wall, S.M.; Karniski, L.P; Everett, L.A.; Suzuki, K.; Knepper, M.A.; Green, E.D. Pendrin, Encoded by the Pendred
Syndrome Gene, Resides in the Apical Region of Renal Intercalated Cells and Mediates Bicarbonate Secretion. Proc. Natl. Acad.
Sci. USA 2001, 98, 4221-4226. [CrossRef] [PubMed]

Everett, L.A.; Morsli, H.; Wu, D.K.; Green, E.D. Expression Pattern of the Mouse Ortholog of the Pendred’s Syndrome Gene (Pds)
Suggests a Key Role for Pendrin in the Inner Ear. Proc. Natl. Acad. Sci. USA 1999, 96, 9727-9732. [CrossRef]

Park, H.; Shaukat, S.; Liu, X.; Hahn, S.H.; Naz, S.; Ghosh, M.; Kim, H.; Moon, S.; Abe, S.; Tukamoto, K.; et al. Origins and
Frequencies of SLC26A4 (PDS) Mutations in East and South Asians: Global Implications for the Epidemiology of Deafness.
J. Med. Genet. 2003, 4, 242-249. [CrossRef]

Hilgert, N.; Smith, RJ.H.; Van Camp, G. Forty-Six Genes Causing Nonsyndromic Hearing Impairment: Which Ones Should Be
Analyzed in DNA Diagnostics? Mutat. Res. Rev. Mutat. Res. 2009, 681, 189-196. [CrossRef] [PubMed]

Wémeau, J.L.; Kopp, P. Pendred Syndrome. Best Pract. Res. Clin. Endocrinol. Metab. 2017, 31, 213-224. [CrossRef]

Suzuki, H.; Oshima, A.; Tsukamoto, K.; Abe, S.; Kumakawa, K.; Nagai, K.; Satoh, H.; Kanda, Y.; Iwasaki, S.; Usami, S. Clinical
Characteristics and Genotype-Phenotype Correlation of Hearing Loss Patients with SLC26A4 Mutations. Acta Otolaryngol. 2007,
127,1292-1297. [CrossRef]

Reardon, W.; Coffey, R.; Chowdhury, T.; Grossman, A.; Jan, H.; Britton, K.; Kendall-Taylor, P.; Trembath, R. Prevalence, Age of
Onset, and Natural History of Thyroid Disease in Pendred Syndrome. J. Med. Genet. 1999, 36, 595-598.

Almandoz, J.P.; Gharib, H. Hypothyroidism: Etiology, Diagnosis, and Management. Med. Clin. N. Am. 2012, 96, 203-221.
[CrossRef]

Na, G,; Lee, ].M.; Lee, H]J.; Jeong, Y.; Jung, J.; Choi, ].Y. Effect of Cochlear Implantation on Hearing Fluctuation in Patients with
Biallelic SLC26A4 Variants. Audiol. Neurotol. 2021, 26, 111-120. [CrossRef] [PubMed]

Honda, K.; Griffith, A.J. Genetic Architecture and Phenotypic Landscape of SLC26A4-Related Hearing Loss. Hum. Genet. 2021,
141, 455-464. [CrossRef] [PubMed]

Forli, F; Lazzerini, F; Auletta, G.; Bruschini, L.; Berrettini, S. Enlarged Vestibular Aqueduct and Mondini Malformation:
Audiological, Clinical, Radiologic and Genetic Features. Eur. Arch. Oto-Rhino-Laryngol. 2021, 278, 2305-2312. [CrossRef]
[PubMed]

Wall, S.M.; Lazo-Fernandez, Y. The Role of Pendrin in Renal Physiology. Annu. Rev. Physiol. 2015, 77, 363-378. [CrossRef]

Pela, I.; Bigozzi, M.; Bianchi, B. Profound Hypokalemia and Hypochloremic Metabolic Alkalosis during Thiazide Therapy in a
Child with Pendred Syndrome. Clin. Nephrol. 2008, 69, 450-453. [CrossRef]

Chouchen, J.; Mahfood, M.; Alobathani, M.; Eldin Mohamed, W.K.; Tlili, A. Clinical Heterogeneity of the SLC26A4 Gene in UAE
Patients with Hearing Loss and Bioinformatics Investigation of DFNB4/Pendred Syndrome Missense Mutations. Int. J. Pediatr.
Otorhinolaryngol. 2021, 140, 110467. [CrossRef]


http://doi.org/10.1038/ng1297-411
http://www.ncbi.nlm.nih.gov/pubmed/9398842
http://doi.org/10.1210/endo.141.2.7303
http://www.ncbi.nlm.nih.gov/pubmed/10650967
http://doi.org/10.1073/pnas.071516798
http://www.ncbi.nlm.nih.gov/pubmed/11274445
http://doi.org/10.1073/pnas.96.17.9727
http://doi.org/10.1136/jmg.40.4.242
http://doi.org/10.1016/j.mrrev.2008.08.002
http://www.ncbi.nlm.nih.gov/pubmed/18804553
http://doi.org/10.1016/j.beem.2017.04.011
http://doi.org/10.1080/00016480701258739
http://doi.org/10.1016/j.mcna.2012.01.005
http://doi.org/10.1159/000508858
http://www.ncbi.nlm.nih.gov/pubmed/32877901
http://doi.org/10.1007/s00439-021-02311-1
http://www.ncbi.nlm.nih.gov/pubmed/34345941
http://doi.org/10.1007/s00405-020-06333-9
http://www.ncbi.nlm.nih.gov/pubmed/32910226
http://doi.org/10.1146/annurev-physiol-021014-071854
http://doi.org/10.5414/CNP69450
http://doi.org/10.1016/j.ijporl.2020.110467

Genes 2022, 13, 2192 16 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Walsh, T.; Rayan, A.A.; Sa’ed, J.A.; Shahin, H.; Shepshelovich, J.; Lee, M.K,; Hirschberg, K.; Tekin, M.; Salhab, W.; Avraham, K.B.;
et al. Genomic Analysis of a Heterogeneous Mendelian Phenotype: Multiple Novel Alleles for Inherited Hearing Loss in the
Palestinian Population. Hum. Genom. 2006, 2, 203—211. [CrossRef]

Pourahmadiyan, A.; Alipour, P.; Fattahi, N.; Kasiri, M.; Rezaeian, F.; Taghipour-Sheshdeh, A.; Mohammadi-Asl, J.; Tabatabaiefar,
M.A.; Hashemzadeh Chaleshtori, M. A Pathogenic Variant in SLC26A4 Is Associated with Pendred Syndrome in a Consan-
guineous Iranian Family. Int. . Audiol. 2019, 58, 628-634. [CrossRef]

Yazdanpanahi, N.; Tabatabaiefar, M.A.; Bagheri, N.; Dehkordi, F.A.; Farrokhi, E.; Chaleshtori, M.H. The Role and Spectrum
of SLC26A4 Mutations in Iranian Patients with Autosomal Recessive Hereditary Deafness. Int. ]. Audiol. 2015, 54, 124-130.
[CrossRef]

Mohseni, M.; Honarpour, A.; Mozafari, R.; Davarnia, B.; Najmabadi, H.; Kahrizi, K. Identification of a Founder Mutation for
Pendred Syndrome in Families from Northwest Iran. Int. ]. Pediatr. Otorhinolaryngol. 2014, 78, 1828-1832. [CrossRef]

Azab, B.; Rabab’h, O.; Aburizeg, D.; Mohammad, H.; Dardas, Z.; Mustafa, L.; Khasawneh, R.A.; Awad, H.; Hatmal, M.M,;
Altamimi, E. Potential Composite Digenic Contribution of NPC1 and NOD2 Leading to Atypical Lethal Niemann-Pick Type C
with Initial Crohn’s Disease-like Presentation: Genotype-Phenotype Correlation Study. Genes 2022, 13, 973. [CrossRef] [PubMed]
Oza, AM,; DiStefano, M.T.; Hemphill, S.E.; Cushman, B.J.; Grant, A.R,; Siegert, RK,; Shen, J.; Chapin, A.; Boczek, N.J;
Schimmenti, L.A.; et al. Expert Specification of the ACMG/AMP Variant Interpretation Guidelines for Genetic Hearing Loss.
Hum. Mutat. 2018, 39, 1593-1613. [CrossRef]

Gonzalez Trevino, O.; Karamanoglu Arseven, O.; Ceballos, C.J.; Vives, V.I.; Ramirez, R.C.; Gomez, V.V.; Medeiros-Neto, G.;
Kopp, P. Clinical and Molecular Analysis of Three Mexican Families with Pendred’s Syndrome. Eur. ]. Endocrinol. 2001,
144, 585-593. [CrossRef]

Pryor, S.P.; Madeo, A.C.; Reynolds, J.C.; Sarlis, N.J.; Arnos, K.S.; Nance, W.E.; Yang, Y.; Zalewski, C.K.; Brewer, C.C,;
Butman, J.A.; et al. SLC26A4/PDS Genotype-Phenotype Correlation in Hearing Loss with Enlargement of the Vestibular Aque-
duct (EVA): Evidence That Pendred Syndrome and Non-Syndromic EVA Are Distinct Clinical and Genetic Entities. . Med. Genet.
2005, 42, 159-165. [CrossRef]

Soh, L.M.; Druce, M.; Grossman, A.B.; Differ, A.-M.; Rajput, L.; Bitner-Glindzicz, M.; Korbonits, M. Evaluation of Genotype—
Phenotype Relationships in Patients Referred for Endocrine Assessment in Suspected Pendred Syndrome. Eur. J. Endocrinol. 2015,
172,217-226. [CrossRef]

Taylor, ].P.; Metcalfe, R.A.; Watson, P.F.; Weetman, A.P,; Trembath, R.C. Mutations of the PDS Gene, Encoding Pendrin, Are
Associated with Protein Mislocalization and Loss of Iodide Efflux: Implications for Thyroid Dysfunction in Pendred Syndrome. J.
Clin. Endocrinol. Metab. 2002, 87, 1778-1784. [CrossRef] [PubMed]

Bassot, C.; Minervini, G.; Leonardi, E.; Tosatto, S.C.E. Mapping Pathogenic Mutations Suggests an Innovative Structural Model
for the Pendrin (SLC26A4) Transmembrane Domain. Biochimie 2017, 132, 109-120. [CrossRef] [PubMed]

Cengiz, EB.; Yilmazer, R; Olgun, L.; Sennaroglu, L.; Kirazli, T.; Alper, H.; Olgun, Y.; Incesulu, A.; Atik, T.; Huesca-
Hernandez, F; et al. Novel Pathogenic Variants Underlie SLC26A4-Related Hearing Loss in a Multiethnic Cohort. Int. J. Pediatr.
Otorhinolaryngol. 2017, 101, 167-171. [CrossRef]

Lee, B.; Kim, Y.R.; Kim, S.J.; Goh, S.H.; Kim, J.H.; Oh, S.K,; Baek, ].I.; Kim, U.K,; Lee, K.Y. Modified Ul SnRNA and Antisense
Oligonucleotides Rescue Splice Mutations in SLC26A4 That Cause Hereditary Hearing Loss. Hum. Mutat. 2019, 40, 1172-1180.
[CrossRef]

Tesolin, P; Fiorino, S.; Lenarduzzi, S.; Rubinato, E.; Cattaruzzi, E.; Ammar, L.; Castro, V.; Orzan, E.; Granata, C.; Dell’orco, D.; et al.
Pendred Syndrome, or Not Pendred Syndrome? That Is the Question. Genes 2021, 12, 1569. [CrossRef]

Yang, T.; Gurrola, ].G.; Wu, H.; Chiu, S.M.; Wangemann, P.; Snyder, PM.; Smith, R.J.H. Mutations of KCN]J10 Together with
Mutations of SLC26A4 Cause Digenic Nonsyndromic Hearing Loss Associated with Enlarged Vestibular Aqueduct Syndrome.
Am. ]. Hum. Genet. 2009, 84, 651-657. [CrossRef] [PubMed]

Yang, T.; Vidarsson, H.; Rodrigo-Blomqvist, S.; Rosengren, S.S.; Enerbédck, S.; Smith, R.J.H. Transcriptional Control of SLC26A4 Is
Involved in Pendred Syndrome and Nonsyndromic Enlargement of Vestibular Aqueduct (DFNB4). Am. |. Hum. Genet. 2007,
80, 1055-1063. [CrossRef]

Li, M.; Nishio, S.-y.; Naruse, C.; Riddell, M.; Sapski, S.; Katsuno, T.; Hikita, T.; Mizapourshafiyi, F.; Smith, EM.; Cooper, L.T.; et al.
Digenic Inheritance of Mutations in EPHA2 and SLC26A4 in Pendred Syndrome. Nat. Commun. 2020, 11, 1343. [CrossRef]
Tsukamoto, K.; Suzuki, H.; Harada, D.; Namba, A.; Abe, S.; Usami, S.I. Distribution and Frequencies of PDS (SLC26A4) Mutations
in Pendred Syndrome and Nonsyndromic Hearing Loss Associated with Enlarged Vestibular Aqueduct: A Unique Spectrum of
Mutations in Japanese. Eur. . Hum. Genet. 2003, 11, 916-922. [CrossRef]

Ladsous, M.; Vlaeminck-Guillem, V.; Dumur, V.; Vincent, C.; Dubrulle, F; Dhaenens, C.M.; Wémeau, J.L. Analysis of the Thyroid
Phenotype in 42 Patients with Pendred Syndrome and Nonsyndromic Enlargement of the Vestibular Aqueduct. Thyroid 2014,
24, 639-648. [CrossRef]

Sakurai, K.; Hata, M.; Hishinuma, A.; Ushijima, R.; Okada, A.; Taeda, Y.; Arihara, Z.; Fukazawa, H.; Takahashi, K. Papillary
Thyroid Carcinoma in One of Identical Twin Patients with Pendred Syndrome. Endocr. J. 2013, 60, 805-811. [CrossRef] [PubMed]
Bidart, ].M.; Mian, C.; Lazar, V.; Russo, D.; Filetti, S.; Caillou, B.; Schlumberger, M. Expression of Pendrin and the Pendred
Syndrome (PDS) Gene in Human Thyroid Tissues. |. Clin. Endocrinol. Metab. 2000, 85, 2028-2033. [CrossRef]


http://doi.org/10.1186/1479-7364-2-4-203
http://doi.org/10.1080/14992027.2019.1619945
http://doi.org/10.3109/14992027.2014.944276
http://doi.org/10.1016/j.ijporl.2014.08.035
http://doi.org/10.3390/genes13060973
http://www.ncbi.nlm.nih.gov/pubmed/35741735
http://doi.org/10.1002/humu.23630
http://doi.org/10.1530/eje.0.1440585
http://doi.org/10.1136/jmg.2004.024208
http://doi.org/10.1530/EJE-14-0679
http://doi.org/10.1210/jcem.87.4.8435
http://www.ncbi.nlm.nih.gov/pubmed/11932316
http://doi.org/10.1016/j.biochi.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27771369
http://doi.org/10.1016/j.ijporl.2017.08.006
http://doi.org/10.1002/humu.23774
http://doi.org/10.3390/genes12101569
http://doi.org/10.1016/j.ajhg.2009.04.014
http://www.ncbi.nlm.nih.gov/pubmed/19426954
http://doi.org/10.1086/518314
http://doi.org/10.1038/s41467-020-15198-9
http://doi.org/10.1038/sj.ejhg.5201073
http://doi.org/10.1089/thy.2013.0164
http://doi.org/10.1507/endocrj.EJ12-0396
http://www.ncbi.nlm.nih.gov/pubmed/23459462
http://doi.org/10.1210/jc.85.5.2028

Genes 2022, 13, 2192 17 of 17

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Spencer, C.A.; Takeuchi, M.; Kazarosyan, M.; Wang, C.C.; Guttler, R.B.; Singer, P.A.; Fatemi, S.; Lopresti, ].S.; Nicoloff, ].T. Serum
Thyroglobulin Autoantibodies: Prevalence, Influence on Serum Thyroglobulin Measurement, and Prognostic Significance in
Patients with Differentiated Thyroid Carcinoma. J. Clin. Endocrinol. Metab. 1998, 83, 1121-1127. [CrossRef]

Al-Awwad, N.J.; Ayoub, J.; Barham, R.; Sarhan, W.; Al-Holy, M.; Abughoush, M.; Al-Hourani, H.; Olaimat, A.; Al-Jawaldeh, A.
Review of the Nutrition Situation in Jordan: Trends and Way Forward. Nutrients 2022, 14, 135. [CrossRef]

Song, M.H.; Shin, ].W,; Park, H.J.; Lee, K.A.; Kim, Y.; Kim, U.K,; Jeon, J.H.; Choi, ].Y. Intrafamilial Phenotypic Variability in
Families with Biallelic SLC26A4 Mutations. Laryngoscope 2014, 124, 194-202. [CrossRef] [PubMed]

King, K.A.; Choi, B.Y.; Zalewski, C.; Madeo, A.C.; Manichaikul, A.; Pryor, S.P; Ferruggiaro, A.; Eisenman, D.; Kim, H.J;
Niparko, ]J.; et al. SLC26 A4 Genotype, but Not Cochlear Radiologic Structure, Is Correlated with Hearing Loss in Ears with an
Enlarged Vestibular Aqueduct. Laryngoscope 2010, 120, 384-389. [CrossRef] [PubMed]

Reyes, S.; Wang, G.; Ouyang, X.; Han, B.; Du, L.L.; Yuan, H.J; Yan, D.; Dai, P; Liu, X.-Z. Mutation Analysis of Slc26a4 in Mainland
Chinese Patients with Enlarged Vestibular Aqueduct. Otolaryngol. Neck Surg. 2009, 141, 502-508. [CrossRef]

Mey, K.; Muhamad, A.A.; Tranebjeerg, L.; Rendtorff, N.D.; Rasmussen, S.H.; Bille, M.; Cayé-Thomasen, P. Association of SLC26A4
Mutations, Morphology, and Hearing in Pendred Syndrome and NSEVA. Laryngoscope 2019, 129, 2574-2579. [CrossRef] [PubMed]
Mey, K,; Bille, M; Rye Rasmussen, S.H.; Tranebjeerg, L.; Cayé-Thomasen, P. The Natural History of Hearing Loss in Pendred
Syndrome and Non-Syndromic Enlarged Vestibular Aqueduct. Otol. Neurotol. 2019, 40, E178-E185. [CrossRef]

Rose, J.; Muskett, J.A.; King, K.A.; Zalewski, C.K,; Chattaraj, P; Butman, J.A; Kenna, M.A.; Chien, W.W.; Brewer, C.C.; Griffith,
AJ. Hearing Loss Associated with Enlarged Vestibular Aqueduct and Zero or One Mutant Allele of SLC26A4. Laryngoscope 2017,
127, E238-E243. [CrossRef]

Jonard, L.; Niasme-Grare, M.; Bonnet, C.; Feldmann, D.; Rouillon, I.; Loundon, N.; Calais, C.; Catros, H.; David, A.;
Dollfus, H.; et al. Screening of SLC26A4, FOXI1 and KCNJ10 Genes in Unilateral Hearing Impairment with Ipsilateral Enlarged
Vestibular Aqueduct. Int. |. Pediatr. Otorhinolaryngol. 2010, 74, 1049-1053. [CrossRef] [PubMed]

Scott, D.A.; Wang, R.; Kreman, T.M.; Andrews, M.; McDonald, ].M.; Bishop, ].R.; Smith, R.J.H.; Karniski, L.P.; Sheffield, V.C.
Functional Differences of the PDS Gene Product Are Associated with Phenotypic Variation in Patients with Pendred Syndrome
and Non-Syndromic Hearing Loss (DFNB4). Hum. Mol. Genet. 2000, 9, 1709-1715. [CrossRef]


http://doi.org/10.1210/jc.83.4.1121
http://doi.org/10.3390/nu14010135
http://doi.org/10.1002/lary.24504
http://www.ncbi.nlm.nih.gov/pubmed/24338212
http://doi.org/10.1002/lary.20722
http://www.ncbi.nlm.nih.gov/pubmed/19998422
http://doi.org/10.1016/j.otohns.2009.07.004
http://doi.org/10.1002/lary.27319
http://www.ncbi.nlm.nih.gov/pubmed/31633822
http://doi.org/10.1097/MAO.0000000000002140
http://doi.org/10.1002/lary.26418
http://doi.org/10.1016/j.ijporl.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20621367
http://doi.org/10.1093/hmg/9.11.1709

	Introduction 
	Materials and Methods 
	Participants 
	DNA Extraction 
	Whole-Exome Sequencing and Data Analysis 
	Co-Segregation Analysis 
	Clinical Examination 

	Results 
	Audiological Findings 
	WES Findings 
	Family F1 and Family F3 WES Findings 
	Family F2 WES Findings 

	Co-Segregation Analysis 
	Temporal Bone CT Findings 
	Thyroid Findings 

	Discussion 
	Conclusions 
	References

