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neous disorders such as autosomal recessive non-syndromic hearing loss, the most common form of
genetic deafness. GJB2 mutations are the most common cause of hereditary hearing loss. Amongst them
the NM_004004.5: c.506G > A (p.Cys169Tyr) mutation has been associated with varying severity of hear-
ing loss with unclear segregation patterns. In this study, we report a large consanguineous Emirati family

Kweﬁmzr:iome sequencin with severe to profound hearing loss fully segregating the G/B2 missense mutation p.Cys169Tyr. Whole
GJB2 gene q & exome sequencing (WES), in silico, splicing and expression analyses ruled out the implication of any

Missense mutation other variants and confirmed the implication of the p.Cys169Tyr mutation in this deafness family. We
Non-syndromic hearing loss also show preliminary murine expression analysis that suggests a link between the TMEM59 gene and
the hearing process. The present study improves our understanding of the molecular pathogenesis of
hearing loss. It also emphasizes the significance of combining next generation sequencing approaches
and segregation analyses especially in the diagnosis of disorders characterized by complex genetic
heterogeneity.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hearing loss (HL) is the most common sensory deficit with an
incidence of 1-3 cases in every 1,000 births (Morton and Nance,
2006). Hereditary cases account for more than 50% of HL prelingual
cases (Marazita et al., 1993) meanwhile environmental and age
related HL account for the remaining percentage (Bouzid et al.,
2018a; Bouzid et al., 2018b). Non-syndromic hearing loss (NSHL)
is the most frequent form of genetic deafness and predominately
follows an autosomal recessive mode of inheritance. To date, 123
genes and over 160 loci have been linked to NSHL (https://heredi-
taryhearingloss.org/). The genetic heterogeneity of NSHL often
impedes its diagnosis, reinforcing the utmost urgency for develop-
ing efficient and affordable diagnostic techniques.

Although traditional approaches have led to great insights into
the underlying genetic causes of NSHL, the advent of next genera-
tion sequencing (NGS) has expedited the discovery of novel NSHL
genes and mutations (Souissi et al., 2021). In fact, NGS-based plat-
forms have been involved in the identification of more than 40% of
NSHL genes known today (https://hereditaryhearingloss.org/).
Given the time and cost effectiveness of NGS, it is expected to
reveal many more NSHL genes and ultimately assist in unraveling
the molecular etiology of HL (Vona et al., 2015).

Connexins are a family of transmembrane proteins that form
channels known as gap junctions. These channels facilitate direct
intercellular communication which is vital for the development,
function, and homeostasis of various tissues and organs. Around
twenty different human connexin genes have been reported
(Sohl and Willecke, 2004), among them the Gap Junction Beta 2
(GJB2) gene which encodes connexin 26 (Cx26) is considered the
most prevalent gene causing deafness in most populations (Chan
and Chang, 2014; Kelsell et al., 1997) with over 200 pathogenic
variants identified so far (http://deafnessvariationdatabase.org/).
The Cx26 mutation p.Cys169Tyr was first reported as being patho-
genic in 2014 where it showed partial segregation in a consan-
guineous middle-eastern family (Birkenhager et al., 2014). This
partial segregation associated with p.Cys169Tyr was observed
along with HL of varying severity in another study shortly after
(Zonta et al., 2015). Although many bioinformatic tools and data-
bases such as ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/)
and Deafness Variation Database (https://deafnessvariation-
database.org/) classify this variant as pathogenic, evidence associ-
ating this variant with full segregation is extremely sparse.

In the present study, WES, Sanger sequencing, in silico, splicing
and expression analyses were carried out for a consanguineous
Emirati family with autosomal recessive non-syndromic hearing
loss (ARNSHL). Our results demonstrated that the missense variant
NM_004004.5:¢.506G > A (p.Cys169Tyr) is the causative mutation
in the investigated family. To the best of our knowledge this is the
first study to report the p.Cys169Tyr mutation with full segrega-
tion with the HL phenotype.

2. Materials and methods
2.1. Subjects and clinical assessment

A consanguineous Emirati family affected with NSHL was
recruited from the UAE Deaf Association for the purpose of this
study (Fig. 1). To rule out the involvement of environmental factors
in the manifestation of deafness, affected family members were
evaluated based on clinical history as well as physical and audio-
logical examination including pure tone audiometry test for air
and bone conduction. A summary of our strategy used to identify
the responsible mutation is given as a flowchart (Fig. 2). Addition-
ally, 107 HL patients and 50 deafness free controls from the United
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Fig. 1. Pedigree of the Emirati NSHL family. Genotypes (blue) correspond to the
GJB2 pathogenic variant NM_004004.5: ¢.506G > A (p.Cys169Tyr). Arrow denotes
the proband.

Arab Emirates (UAE) participated in this study. Saliva samples
were collected from all subjects and genomic DNA was then
extracted from these samples using the Oragene-DNA Kit (OG-
500, DNA Genotek, Canada) according to manufacturer’s protocol.
Extracted DNA was quantified by the NanoDrop One Microvolume
UV-Vis Spectrophotometer (Themo Fisher Scientific, USA). To pro-
tect the anonymity of participants, only codes were used to label
all DNA samples. Written informed consents were obtained from
all subjects or their parents (for participants under the age of 18)
attesting their willingness to participate in this study. Moreover,
all experimental procedures and informed consents used in this
study were approved by the University of Sharjah Research Ethics
Committee (No. REC-15-11-P004) and performed in accordance
with the relevant guidelines and regulations.

2.2. Whole exome sequencing and in silico analysis

Whole exome sequencing followed by standard data analysis
was performed using genomic DNA of individuals III-3, IV-1, V-2,
IV-4, and IV-5 (Fig. 1). In short, genomic DNA was sheared using
Covaris S2 (Covaris, MA, USA) and SureSelect XT (Agilent Technolo-
gies, Santa Clara, CA, USA) was used to perform end-repair, A-
addition and adaptor ligation reactions. Exome capture and enrich-
ment were carried out using the SureSelect All Exon V5 kit (Agilent
Technologies, Santa Clara, CA, USA) according to manufacturers’
protocol. Post-enrichment libraries were pooled, and sequencing
was then carried out using the Illumina HiSeq 2500 System (Illu-
mina, San Diego, CA, USA). Next, paired end (2 x 100 bases) reads
that passed the quality control (i.e Phred score > 20) underwent
adaptor trimming and end repair using Fastq-mcf (ea-utils-1.1.2-
806) and were mapped to the human reference genome build
hg19/GRCh37 using Burrows-Wheeler Aligner (BWA) (Li and
Durbin, 2010). Sequence Alignment/Map (SAM) tools (Li, H. et al.,
2009) was then used for processing Binary Alignment Map (BAM)
files. Variants from processed BAM files were then called by Gen-
ome Analysis Tool Kit (GATK) v2.7.2 (McKenna et al., 2010). Next,
called variants were annotated in-house by Variation and Mutation
Annotation Toolkit (VariMAT) v2.3.9 and filtered by read depth (i.
e > 10). The remaining variants were then further filtered by fre-
quency (i.e < 0.01%) in Single Nucleotide Polymorphism Database
(dbSNP) (https://www.ncbi.nlm.nih.gov/snp/), genome aggrega-
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Fig. 2. Summary of the molecular diagnostic approach. The recruited HL family was first screened for GJB2 mutations. Since the causative mutation could not be confirmed,
WES was performed. After analysis, unrelated HL and healthy controls were screened for the identified candidate variants. This was followed by functional and in silico
analysis of the identified candidate variants. Collectively, the outcomes of these analyses led to a final molecular diagnosis.

tion database (gnomAD) (https://gnomad.broadinstitute.org/), or
Ensembl (https://www.ensembl.org/index.html).

Finally, the functional impact of the identified candidate vari-
ants was predicted using several bioinformatic tools including:
Variant Effect Predictor (VEP) (http://grch37.ensembl.org/Homo_
sapiens/Tools/VEP), MutationTaster (http://www.mutationtaster.
org/), VarSome (https://varsome.com/), Protein Variation Effect
Analyzer (PROVEAN) (http://provean.jcvi.org/index.php), Polymor-
phism Phenotyping v2 (PolyPhen-2) (http://genetics.bwh.harvard.
edu/pph2/), Sorting Intolerant From Tolerant (SIFT) (Kumar et al.,
2009) and Human Splicing Finder version 3.1 (http://www.umd.
be/HSF/).

2.3. Sanger sequencing

To ensure the segregation of the identified candidate variants
with the deafness phenotype, Sanger sequencing was performed
using genomic DNA of individuals III-3, IV-1, IV-2, IV-4, and IV-5
(Fig. 1). In brief, PCR products corresponding to the second exon
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of the GJB2 gene were generated using primers Cx26 2F and Cx26
2R, while amplicons corresponding to the third exon of the Trans-
membrane Protein 59 (TMEM59) gene were generated using primers
gDNA_TM59_3F and gDNA_TM59_3R (Table 1). PCR products were

Table 1
Primers.

Sequence

5'-ACACGTTCAAGAGGGTTTGG- 3’
5'-GGGAAATGCTAGCGACTGAG- 3’
5'-CCAAATTTGGAAATTCACATTGATG- 3’
5'-GGATCAAGTGGGTGATAAACACTTC- 3’
5'-AAGGTAACCCCAAATTTGGAAATTCACATTGATG-3’

Primer Name

Cx26 2F
Cx26 2R
gDNA_TM59_3F
gDNA_TM59_3R
TM59 _3F_Bstell

TM59_3R_Nhel 5'-AAGCTAGCGGATCAAGTGGGTGATAAACACTTC-3’
EX13 5'-GGAAGACGAGCCACCTGAGC-3'

T7 5'TAATACGACTCACTATAGGG-3’

Sp6 5'-ATTTAGGTGACACTATAG-3'

5'-TACCCCTTGCACACCTACCCGAAG-3'
5'-CATTCTTGGCATCAGGGACATGAG-3’
5'- AGCTTCTTTGCAGCTCCTTC-3'

5'- CCACCATCACACCCTGGT -3/

cDNA_Mouse_1F
cDNA_Mouse_4R
Mouse Actb F
Mouse Actb R
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then treated with ExoSAP-IT PCR Product Cleanup Reagent
(78200.200.UL, Applied Biosystems, Thermo Fisher Scientific,
USA) and subsequently used in the sequencing reactions con-
ducted using the BigDye Terminator v3.1 Cycle Sequencing Kit
(4337455, Applied Biosystems, Thermo Fisher Scientific, USA).
The resultant sequencing reactions were then purified and precip-
itated using the Ethanol/EDTA/Sodium Acetate precipitation
method. Afterwards, capillary sequencing was carried out by
Genetic Analyzer 3500 (Applied Biosystems, Thermo Fisher Scien-
tific, USA). The sequences produced were then analyzed using
Sequencing Analysis Software 6 (Applied Biosystems, Thermo
Fisher Scientific, USA) and aligned with their respective published
sequences of the GJB2 (NM_004004.5) or the TMEM59
(NM_001305066.1) genes using Basic Local Alignment Search Tool
(BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.4. Mutational screening

A total of 107 HL patients and 50 healthy controls from the UAE
were screened for the identified candidate variants. To screen for
the GJB2 variant (NM_004004.5: c.506G > A), Sanger sequencing
was performed using the above-mentioned protocol. Whereas
PCR-restriction fragment length polymorphism (RFLP) was used
to screen for the TMEMS59 variant (NM_001305066.1:
c.432_434del), as this deletion creates an SfaN1 restriction site.
To carry out PCR-RFLP, PCR products were generated using primers
gDNA_TM59_3F and gDNA_TM59_3R (Table 1). The produced
amplicons were then digested by SfaN1 (R0172S, New England Bio-
labs, USA) according to the manufacturer’s instructions and sepa-
rated by 2% agarose gels to infer their respective genotypes.

2.5. Expression of the Tmem59 gene in mouse tissues

Expression of Tmem59 was investigated in various mouse tis-
sues including organ of Corti, brain, eyes, inner ear, lungs, heart,
intestines, epididymal white adipose tissue, liver and kidneys
using P1- P3 Swiss Jim Lambert (SJL) pups. Dissected tissues were
immersed in 1% phosphate-buffered saline (10010023, Thermo-
Fisher, Life Technologies) and immediately frozen in liquid nitro-
gen. Next, total RNA was extracted from these tissues using the
RNeasy Mini Kit (74104, Qiagen, Germany) according to manufac-
turer’s protocol. Afterwards, the SuperScript IV First-Strand Syn-
thesis System (18091, Invitrogen, USA) was used to convert the
extracted RNA into cDNA. The cDNA produced was then amplified
by conventional PCR and quantitative PCR (qPCR) using primers
cDNA_Mouse_1F and cDNA_Mouse_4R (Table 1) which span exons
1 to 4 in the murine Tmem59 gene. Mouse Actb F and R primers
(Table 1) were used to amplify the housekeeping gene Actin beta
(Actb). GoTaq qPCR Master Mix (A6001, Promega, USA) was used
to carry out qPCR on the CFX96 Touch Real-Time PCR Detection
System (1855195, BioRad, USA). All qPCR reactions were per-
formed in triplicates and relative gene expression levels were
determined by the delta Ct method. Experiments performed on
SJL pups were approved by the University of Sharjah Research
Ethics Committee and performed in accordance with the relevant
guidelines and regulations established by the University of Sharjah
Animal Care and Use Committee.

2.6. Minigene constructs

To validate the predicted impact of the TMEM59 variant
(NM_001305066.1: c.432_434del) on splicing; wildtype and corre-
sponding mutant DNA fragments were cloned into a modified ver-
sion of the p(13,17)-cytomegalovirus (CMV) vector which was
kindly provided by Dr. Baklouti F (Ben Rebeh et al., 2010). In short,
genomic DNA from individual IV-1 (Fig. 1) and a healthy control
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were amplified using primers TM59 _3F_Bstell and TM59_3R_Nhel
(Table 1). These PCR products were then each cloned into the p
(13,17)-CMV vector via Nhel (EN-146S, Jena Bioscience, Germany)
and BstEIl (R0162S, New England Biolabs, USA) restriction endonu-
cleases generating the mutant pRc-CMV-DF and wildtype pRc-
CMV-ctrl constructs respectively. Finally, these constructs were
confirmed by Sanger sequencing using primer Ex13 (Table 1) by
following the previously mentioned protocol.

2.7. Cell culture, transient transfection and cDNA synthesis

MG63 human osteosarcoma cells (CRL1427, ATCC, USA) were
cultured in Dulbecco’s Modified Eagle’s Medium (D6429, Sigma-
Aldrich, USA) supplemented with 10% fetal bovine serum (F9665,
Sigma-Aldrich, USA) and 1% Penicillin-Streptomycin (P4333,
Sigma-Aldrich, USA) in a 37 °C humidified atmosphere containing
5% CO,. Cells were transiently transfected with 2500 ng of pRc-
CMV-ctrl, pRc-CMV-DF or the empty p(13,17)-CMV vector using
Lipofectamine 3000 reagent (L3000001, Invitrogen, USA) and incu-
bated for 2 days according to manufacturer’s protocol. Next, total
RNA was extracted from transfected cells using the RNeasy Mini
Kit (74104, Qiagen, Germany). Afterwards, the TruScript First
Strand cDNA Synthesis Kit (54420, Norgen, Canada) was used to
convert the extracted RNA into cDNA. The cDNA produced was
then amplified using primers T7 and Sp6 (Table 1).

3. Results
3.1. Identification of candidate variants

A large consanguineous UAE family with bilateral severe to pro-
found hearing loss was investigated in this study. Analysis of the
family pedigree suggested a recessive mode of inheritance (Fig. 1
and Fig. 3 A). To identify candidate variants in this family, Sanger
sequencing of the GJB2 gene was performed for all available family
members revealing the full segregation of the p.Cys169Tyr muta-
tion. Next, to rule out the implication of any other variants WES
was performed for individuals III-3, IV-1, V-2, IV-4, and IV-5
(Fig. 1). Approximately 81,156,188 reads were generated for each
individual with a read length of 151 bp. The panel coverage was
more than 99% and the panel average depth was 134.786. Addi-
tionally, more than 95% of generated bases had a value of Q30.

WES generated a total of 628,908 variants collectively, among
which 32,759 were non-synonymous, 864 were frameshift and
357 were stop-gained variants. All generated variants were filtered
as follows: (1) only variants shared among all analyzed individuals
were kept, (2) given the family’s consanguinity and recessive
inheritance pattern, homozygous variants identified within runs
of homozygosity (ROH) equal to or greater than 3 Mb that segre-
gated with the disease were kept (Supplementary Table S1), (3)
variants described in dbSNP (https://www.ncbi.nlm.nih.gov/snp/),
gnomAD  (https://gnomad.broadinstitute.org/), or Ensembl
(https://www.ensembl.org/index.html) with frequencies higher
than 0.01% were excluded, and (4) variants found in our internal
database that are common in the UAE population were also
excluded. Among the 8 remaining homozygous variants (Table 2),
an in-frame deletion and 3 missense variants were identified while
the rest were all intronic. The missense variant NM_004519.4:c.1
994C > T was predicted as “polymorphism” by MutationTaster,
while the missense variant NM_173344.3:c.995A > G was pre-
dicted as “disease causing”. However, these two variants were pre-
dicted as both “benign” and “tolerated” by PolyPhen and SIFT
respectively and were therefore excluded. Consequently, only
NM_004004.5: c.506G > A and NM_001305066.1: c.432_434del
remained as candidate variants. The predicted impact of both can-
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Fig. 3. Audiograms. (A) Audiogram of the proband. (B) Audiogram of an unrelated Emirati deaf individual homozygous for the G/B2 p.Cys169Tyr mutation. Red lines indicate

the right ear; blue lines indicate the left ear.

Table 2
Remaining variants after filtration of WES results.

Gene Accession DNA change Protein change RS-ID Type Classification’  gnomAD allele
number frequencies®
Transmembrane Protein 59 NM_001305066.1 c.432_434delGCA p. rs375264930 Inframe  Uncertain 0.001063
(TMEM59) Trp144_His145delinsCys deletion  significance
HERV-H LTR-Associating 1 (HHLA1) NM_001145095.1 «¢.677-7C>T NA rs116232399 Intronic Likely benign  0.001425
Potassium Voltage-Gated Channel NM_004519.4 c.1994C>T p.Ser665Leu rs147173555 Missense Benign 0.0003459
Subfamily Q Member 3 (KCNQ3)
ST3 Beta-Galactoside Alpha-2,3- NM_173344.3 c.995A > G p.Asn332Ser rs149294559 Missense Uncertain 0.0009467
Sialyltransferase 1 (ST3GAL1) significance
Gap Junction Protein Beta 2 (G/B2) NM_004004.6 c.506G > A p.Cys169Tyr rs774518779 Missense Uncertain 0.000007966
significance
Estrogen-Related Receptor Alpha NC_000013.10 n.533A>C NA rs368915924 Intronic Uncertain 0.006665
Pseudogene 2 (ESRRAP2) significance
Spermatogenesis Associated 13 NM_001166271.3 ¢.2667 +66T>C NA rs908890896 Intronic  Uncertain 0.00003194
(SPATA13) significance
C1q and TNF related 9 (C1QTNF9) NM_178540.5 c.166 + 19C>T NA rs372292002 Intronic  Likely Benign  0.001414

1 Classifications found at the beginning of the study. Recently, the c.423_434del variant has been re-classified as likely benign. All classifications are based on VarSome.

2 Allele frequencies are based on gnomAD v2.1.1.

Table 3
Predicted impact of candidate variants by bioinformatic tools.

c.506G > A c.432_434del
MutationTaster Disease causing NA*
VarSome Likely pathogenic Uncertain significance *
VEP Impact = moderate NA
PolyPhen Probably damaging NA
PROVEAN Deleterious NA*
SIFT Damaging NA

NA: Not applicable.

" Classifications found at the beginning of the study. Recently, the c.423_434del
variant has been re-classified as polymorphism, likely benign and neutral, by
MutationTaster, VarSome and PROVEAN respectively.

didate variants was determined by several bioinformatics tools
(Table 3).

To confirm the above findings, Sanger sequencing of the third
exon of the TMEM59 gene was carried out for the proband and indi-
viduals 1II-3, IV-1, IV-2, IV-4, and IV-5. Our results showed the
same segregation pattern obtained for p.Cys169Tyr; where both
IlI-3 and V-4 were heterozygous for the TMEM59 variant (Fig. 4
B and E), while the proband and the remaining affected siblings
were homozygous (Fig. 4 A and D). None of the members of this
HL family were homozygous for the wildtype genotype (Fig. 4 C
and F). These findings indicate that both variants segregate with
HL in this family.
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3.2. Cochlear expression of murine Tmem59

Conventional and quantitative reverse transcription PCR (RT-
qPCR) performed using RNA extracted from SJL mice showed that
the Tmemb59 gene was expressed in the organ of Corti and most
tested tissues except adipose tissue (Fig. 5 A and B). Furthermore,
reverse transcription PCR (RT-PCR) of the housekeeping gene Actb
showed that it was expressed in all tested tissues (Fig. 5 C).

3.3. Impact of the TMEM59 variant c.432_434del on splicing

The TMEM59 variant (NM_001305066.1: c.432_434del) was
predicted to cause the loss of a branch point in intron 3. Therefore,
to validate the predicted impact of this variant on splicing; wild-
type and corresponding mutant DNA fragments of the shortest iso-
form (ENST00000371337.3) were cloned into the p(13,17)-CMV
vector. Sanger sequencing confirmed the sequences of mutant
pRc-CMV-DF and wildtype pRc-CMV-ctrl constructs (Fig. 6). More-
over, RT-PCR performed using RNA extracted from MGG63 cells
transfected with pRc-CMV-DF showed no significant difference
when compared to those transfected with pRc-CMV-ctrl.

3.4. Screening the UAE population for candidate variants

Screening the UAE population for the GJB2 variant by Sanger
sequencing revealed that it was absent in 103 unrelated deaf indi-
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Fig. 4. Electropherograms. (A) Electropherogram of a homozygous mutant individual with the G/JB2 mutation c.506G > A. (B) Electropherogram of a heterozygous individual
with the G/B2 mutation c.506G > A. (C) Electropherogram of a homozygous wild-type individual. (D) Electropherogram of a homozygous mutant individual with the TMEM59
variant c.432_434del. (E) Electropherogram of a heterozygous individual with the TMEM59 variant c.432_434del. (F) Electropherogram of a homozygous wild-type individual.
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Fig. 5. RT-PCR analysis of Tmem59 expression in mouse tissues. (A) Relative Tmem59 expression in mouse tissues determined by RT-qPCR. (B) RT-PCR of the Tmem59 gene in
mouse tissues. (C) RT-PCR of the mouse housekeeping gene ActB in mouse tissues. M: 100 bp DNA ladder (Bioline, BIO-33056).
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Fig. 6. Minigene constructions. (A) Electropherogram of pRC-CMV-DF. (B) Electropherogram of pRC-CMV-ctrl (C) Electropherogram of empty p(13,17)-CMV. Pink rectangle
indicates the Nhel restriction site. Green rectangle indicates the BstEIl restriction site. Red arrow marks the position of the TMEM59 variant c.432_434del.

viduals and 50 healthy controls. Whereas screening the UAE popu-
lation for the TMEM59 variant by PCR-RFLP showed that it was pre-
sent only in the heterozygous state in 3.7% (4/107) of the tested
deaf individuals and 12% (6/50) of the control individuals, while
it was absent in the rest.

4. Discussion

HL is the most common sensory defect with diverse and com-
plex heterogeneity. Various molecular diagnostic techniques such
as RFLP, Sanger sequencing and microarray have been widely uti-
lized in detecting several HL mutations (Gibriel et al., 2019,
Chakchouk et al., 2015). However, addressing such complexity
necessitates the use of sophisticated NGS platforms for identifica-
tion of causative HL mutations rapidly and efficiently (Souissi
et al,, 2021; Ben Ayed et al.,, 2021). In this study, we investigated
a consanguineous Emirati family affected with NSHL. To identify
the causative mutation in this family, Sanger sequencing of the
GJB2 gene, the most common ARNSHL gene in the UAE population
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(Tlili et al., 2017) was performed using the family’s genomic DNA.
This revealed the homozygous missense variant NM_004004.5:
¢.506G > A (p.Cys169Tyr). Given that this variant did not show full
segregation with the HL phenotype in previous studies (Zonta
et al,, 2015; Birkenhager et al., 2014), WES was performed for
the proband and available family members to rule out the implica-
tion of any other variants. Analysis of WES results followed by con-
firmation via Sanger sequencing allowed the identification of the
homozygous TMEM59 coding variant NM_001305066.1:
c.432_434del (p.Trp144_His145delinsCys) as a second candidate
variant in this HL family.

The GJB2 gene encodes Cx26 which forms hemichannels that
facilitate intercellular communication between neighboring cells.
In the cochlea, Cx26 is expressed in the non-sensory cells (Liu
and Zhao, 2008; Zhao and Yu, 2006) and has been implicated in
many auditory processes the most popular being potassium home-
ostasis (Wingard and Zhao, 2015). However, although potassium
recycling is an important aspect of the hearing process, recent
studies have demonstrated that it is not a major deafness mecha-
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Table 4
Published studies reporting the G/B2 mutation p.Cys169Tyr.
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Reference Number of audiologically assessed patients with p.Cys169Tyr alleles  Ethnicity HL severity Segregation

Birkenhager et al., 2014 2 Middle Profound Partial
eastern

Alkowari et al. 2012 and Zonta et al. 2015 6 Qatari Moderate to severe Partial

Tlili et al. 2017 and this study 2 Emirati Severe to profound Full

nism as Cx26 deficiency can have different underlying deafness
mechanisms rather than a unique deafness mechanism as assumed
by the K* recycling hypothesis (Zhu et al., 2013; Zhu et al., 2015a;
Liang et al., 2012; Zhu et al., 2015b). These conflicting issues often
hinder our understanding of the exact role played by GJB2, the
most prominent deafness gene.

The GJB2 variant c.506G > A (p.Cys169Tyr) initially classified as
a polymorphism (Azaiez et al., 2004; Khalifa Alkowari et al., 2012);
was first reported as pathogenic when identified in the homozy-
gous state in an extended consanguineous middle-eastern family
with congenital HL (Birkenhager et al., 2014). Shortly after, this
mutation was reported in other consanguineous families with con-
genital HL of varying severity (Zonta et al., 2015). Surprisingly,
despite the consanguinity and the recessive inheritance of the
investigated families, both studies showed partial segregation of
this variant with the HL phenotype. In 2017, Tlili et al. identified
this mutation in the homozygous state in three unrelated UAE deaf
individuals, one of which was the proband of the HL family pre-
sented here (Tlili et al.,, 2017). In contrast to the previous p.
Cys169Tyr studies, we demonstrate full segregation of this variant
with the HL phenotype. Comparing the phenotypes of the proband
in this study (Fig. 3 A), another unrelated Emirati homozygous
individual (Fig. 3 b) and all reported studies we found that severe
to profound HL is the most common which is consistent with most
GJB2 related deafness (Kenneson et al., 2002). However, we were
unable to establish a clear genotype-phenotype correlation as indi-
viduals heterozygous for p.Cys169Tyr have showed both moderate
and severe HL in previous studies (Table 4). This discrepancy in HL
severity among patients with p.Cys169Tyr alleles may be linked to
other unknown genetic or environmental factors. Furthermore, to
better understand the distribution of p.Cys169Tyr in the UAE we
screened 103 unrelated HL patients and 50 deafness free controls.
The absence of this mutation in this cohort and its low frequency in
gnomAD (0.000007966) indicates that it is relatively uncommon in
many populations.

The ¢.506G > A (p.Cys169Tyr) mutation destroys the third disul-
fide bridge between cysteine residues 64 and 169 in the Cx26 pro-
tein. The absence of this bond is expected to alter the three-
dimensional structure of this protein, ultimately inhibiting low-
molecular substance exchange between connexons of neighboring
cells (Birkenhager et al., 2014). In fact, immunofluorescence of
Hela cells expressing this mutation showed that the mutated pro-
tein is properly trafficked to the plasma membrane but is unable to
form gap-junction plaques (Zonta et al., 2015). Collectively, the
above evidence reinforces the pathogenicity of the p.Cys169Tyr
variant.

The second candidate variant identified in the present study
was within the TMEM59 gene. The TMEM59 protein belongs to a
family of transmembrane proteins with mostly unknown functions
(Marx et al., 2019). So far, the TMEM132E protein is the only mem-
ber of this family to be linked to hereditary hearing loss and has
been suggested to play a role in neuronal function and mammalian
cochlear development and hearing (Liagat et al.,, 2019; Li et al,,
2015). Similarly, the TMEMS59 protein is also thought to play a role
in the neural system (Ullrich et al., 2010) and to be a positive reg-
ulator of Wnt signaling (Gerlach et al., 2018) which is a crucial sig-
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naling pathway in the inner ear. Given the segregation of the
identified TMEM59 variant (NM_001305066.1: c.432_434del) with
HL in the present study, we tested different mouse tissues for the
expression of this gene. Our results were similar to the TMEM132E
study, as Tmem59 was expressed in the majority of tested tissues
including the organ of Corti. Furthermore, we examined the
expression of the Tmem59 gene using the gene Expression Analysis
Resource (gEAR) portal which displays data from mouse organ of
Corti at postnatal day PO - P7 (https://umgear.org/) and found that
it was detected in both supporting cells and hair cells, the latter of
which showed slightly higher expression. The above preliminary
findings suggest a possible link between TMEM59 and hearing.
Nevertheless, in vitro and in silico evidence as well as investigating
the localization of the TMEM59 gene within the cochlea is vital to
confirm its involvement in the hearing mechanism.

The TMEM59 variant NM_001305066.1: c.432_434del identified
in this study, is located in the coding region of the shortest
TMEM59 isoform only (ENST00000371337.3), where it is located
173 bases away from the nearest splice site and is predicted by
the Human Splicing Finder to cause the loss of a branch point in
intron 3. Due to the possible involvement of TMEM59 in hearing
we decided to further study the c.432_434del variant. To test the
impact of this variant on splicing, MG63 cells were transfected
with pRc-CMV-DF, pRc-CMV-ctrl or p(13,17)-CMV. RT-PCR results
showed that there is no difference in the splicing pattern obtained
for pRc-CMV-DF and pRc-CMV-ctrl, suggesting that this TMEM59
deletion has no impact on splicing. Screening the UAE population
for the c.432_434del variant showed that it was present in the
heterozygous state in 6.4% (10/157) of the tested individuals while
none of the rest were homozygous for this variant. Moreover, in
gnomAD c.432_434del has a frequency of 0.001063 which is much
higher than the GJB2 variant. However, although further screening
is required to classify c.432_434del has as a polymorphism, the
lack of evidence linking this variant to the HL phenotype as well
as the pathogenicity of the GJB2 variant indicates that ¢.506G > A
(p.Cys169Tyr) is the causative mutation in this HL family.

Lastly, it is important to note that while segregation with dis-
ease phenotype is an indispensable tool in genetic diagnosis, our
findings reinforce that it should not be the sole approach used. In
this study, the analysis of all available family members revealed
several variants that segregated with HL which is expected given
the size and consanguinity of the family. The use of WES played
an instrumental role in narrowing down these variants to the
two candidate variants mentioned above. Therefore, we recom-
mend performing WES prior to reaching a final diagnosis.

5. Conclusion

In this study, WES in combination with segregation, in silico,
splicing and expression analyses confirmed the causality of the
GJB2 missense mutation p.Cys169Tyr in a consanguineous Emirati
family with severe to profound hearing loss. The findings and
approaches presented here are important in the molecular diagno-
sis of hereditary hearing loss in highly consanguineous populations
such as the UAE.
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