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Introduction

Abstract

The genetic heterogeneity of congenital hearing disorders makes molecular diag-
nosis expensive and time-consuming using conventional techniques such as San-
ger sequencing of DNA. In order to design an appropriate strategy of molecular
diagnosis in the Algerian population, we explored the diversity of the involved
mutations by studying 65 families affected by autosomal recessive forms of non-
syndromic hearing impairment (DFNB forms), which are the most prevalent early
onset forms. We first carried out a systematic screening for mutations in GJ/B2 and
the recurrent p.(Arg34*) mutation in TMCI, which were found in 31 (47.7%)
families and 1 (1.5%) family, respectively. We then performed whole exome
sequencing in nine of the remaining families, and identified the causative muta-
tions in all the patients analyzed, either in the homozygous state (eight families)
or in the compound heterozygous state (one family): (c.709C>T: p.(Arg237%*))
and (c.2122C>T: p.(Arg708*)) in OTOF, (c.1334T>G: p.(Leud445Trp)) in
SLC26A4, (c.764T>A: p.(Met255Lys)) in GIPC3, (c.518T>A: p.(Cysl73Ser)) in
LHFPL5, (¢.5336T>C: p.(Leul779Pro)) in MYOI5A, (c.1807G>T: p.(Val603Phe))
in OTOA, (c.6080dup: p.(Asn2027Lys*9)) in PTPRQ, and (c.6017del:
p-(Gly2006Alafs*13); c.7188_7189ins14: p.(Val2397Leufs*2)) in GPR98. Notably,
7 of these 10 mutations affecting 8 different genes had not been reported previ-
ously. These results highlight for the first time the genetic heterogeneity of the
early onset forms of nonsyndromic deafness in Algerian families.

be autosomal dominant, autosomal recessive, X or Y
chromosome-linked, or mitochondrial. Identification of

Approximately 1 in 700 children is affected by severe or
profound hearing impairment at birth or during early
childhood (prelingual deafness) (Morton 1991). Most
cases are attributable to a genetic cause, typically mono-
genic. About 30% of the genetic cases are syndromic, that
is, deafness is associated with other clinical anomalies,
whereas 70% are nonsyndromic or isolated, that is, the
auditory defect is the sole clinical manifestation (Holder
1996). The inheritance modes of isolated deafness can

the causative mutations in affected individuals can be dif-
ficult due to the high degree of genetic heterogeneity.
Indeed, 77 different genes have already been identified for
DFNB (deafness autosomal recessive) and DFNA (deaf-
ness autosomal dominant) forms (Hereditary Hearing
Loss Homepage: http://hereditaryhearingloss.org/).

About 85% of disease-related mutations in Mendelian
disorders have been found in the protein-coding regions
of genes (exons and splice sites), which only represent
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about 1% of the human genome (Teer and Mullikin
2010). Molecular diagnosis of autosomal recessive
nonsyndromic hearing impairment consists in screening
many, and sometimes, long exons for mutations, making
conventional methods (e.g., Sanger sequencing) expensive
and time-consuming (Diaz-Horta et al. 2012). Advances
in next-generation sequencing technologies, however, have
made possible to sequence virtually all exons at a time
(the so-called “whole exome sequencing”), and therefore
to rapidly identify mutations responsible for Mendelian
disorders. Whole exome sequencing has thus become an
efficient and cost-effective alternative approach for molec-
ular diagnosis (Choi et al. 2009; Ng et al. 2010), and has
successfully been used to identify new causative genes or
new mutations in genes involved in syndromic and non-
syndromic forms of hearing impairment (Delmaghani
et al. 2012; Diaz-Horta et al. 2012; de Keulenaer et al.
2012; Wei et al. 2012; Bonnet et al. 2013).

Mutations in GJB2 (OMIM*121011), encoding connex-
in 26 at the DFNBI locus, are highly prevalent in Mag-
hrebian populations, accounting for approximately 40%
of the DFNB cases in Algeria (Ammar-Khodja et al
2009), 35% in Tunisia (Riahi et al. 2013), and 37% in
Morocco (Abidi et al. 2007). In addition, the p.(Arg34*)
nonsense mutation in TMCI (OMIM*606706), encoding
transmembrane channel-like 1 at the DFNB7/11 locus,
would account for 3-5% of DFNB cases in Algeria and
Tunisia (Ben Said et al. 2010). However, the extent of
genetic heterogeneity of prelingual hearing impairment in
Maghrebian countries remains to be determined. Here,
our objective was to assess the diversity of the genes
involved in the Algerian population. This is particularly
relevant to such a highly consanguineous population in
the perspective of developing molecular diagnosis.

Patients and Methods

Patients

Patients were recruited and clinically examined in otorhi-
nolaryngology centers and deafness schools in Alger, Alge-
ria. Patients with a known environmental cause of
hearing impairment, including infection, premature deliv-
ery, head trauma, and use of ototoxic drugs, were not
included in the study. Hearing levels were measured by
pure tone audiometry, which included air and bone con-
duction. Hearing thresholds were obtained for sound fre-
quencies between 250 and 8000 Hz. All patients exhibited
bilateral, moderate (45-65 dB) to severe (70-89 dB), or
profound (>90 dB) sensorineural hearing loss. In all the
families, the parents of the affected siblings were normal-
hearing. Clinical examination of the patients did not
give indication for a syndromic deafness. Ocular fundus
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examination was normal, and neither proteinuria nor
hematuria was detected. The temporal bone CT scan
analysis could not be carried out in all the patients, but
did not show cochleovestibular malformations in the
patients analyzed. The vestibular function was not tested
clinically, but a questionnaire on the early sitting and
walking steps was filled in. This study was approved by
the local ethics committees, and consent to genetic testing
was obtained from adult probands or from the parents
when the patient was under 18 years.

DNA extraction and sequencing

Genomic DNA was extracted from peripheral blood lym-
phocytes using the Promega Wizard Genomic DNA Purifi-
cation Kit (Promega, Madison, MI) (Cat. #A1120)
according to the manufacturer’s instructions. Screening for
mutations in GJB2 and in exon 7 of TMCI was performed
by Sanger sequencing. Whole exome sequencing and bioin-
formatic analysis were carried out on pooled DNA samples
from two affected siblings in each family, as previously
described (Delmaghani et al. 2012). The Sanger sequencing
technique was then used on individual exons to validate
each pathogenic mutation identified by whole exome
sequencing, and to confirm its presence in the homozygous
state in all affected siblings, and in the heterozygous state in
the parents. To amplify and sequence exons, specific oligo-
nucleotides were designed using Primer3 (http:/frodo.
wi.mit.edu/primer3/) (Table S1). PCR amplification and
Sanger sequencing were carried out as previously described
(Delmaghani et al. 2012). GenBank reference sequences of
each genes studied are mentioned in Table 1.

Results and Discussion

Sixty-five Algerian families, comprised two to four
siblings affected with bilateral, moderate (45-69 dB),
severe (70-89 dB), or profound (>90 dB) autosomal
recessive prelingual hearing impairment, were studied. In
80% of these families, that is, 52 families, hearing
impaired children were born to consanguineous parents.
The first step in molecular diagnosis consisted in the
screening of the GJB2 single coding exon, and of the
p.(Arg34*) mutation in TMCI by Sanger sequencing.
Mutations in GJB2 accounted for 47.7% of the cases (31
of 65 patients). The c.35delG: p.(Glyl12Valfs*2) mutation
was present in the homozygous state in 25 (80%) of 31
patients, and in the compound heterozygous state
(c.35delG: p.(Glyl2Valfs*2)/c.139G>T: p.(Glud7*)) in 5
(16%) patients, whereas 1 (3.2%) patient carried the
c.139G>T: p.(Glud7*) mutation in the homozygous state.
The ¢.100C>T: p.(Arg34*) nonsense mutation in TMCI
was identified in one patient, in the homozygous state.
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Table 1. Mutations found in Algerian DFNB families.

Genetic Hearing Impairment in Algeria

Family Gene Genotype Amino acid change Phenotype

1 NM_194248.2 €.699C>T/c.699C>T p.(Arg237%*) Profound deafness/auditory neuropathy
(OTOF)

2 NM_194248.2 €.2122C>T/c.2122C>T p.(Arg708%*) Profound deafness
(OTOF)

3 NM_000441.1 €.1334T>G/c.1334T>G p.(Leud45Trp) Profound deafness + enlarged
(SLC26A4) vestibular aqueduct

4 NM_133261.2 c.764T>A/c.764T>A p.(Met255Lys) Profound deafness
(GIPC3)

5 NM_182548.3 ¢.518T>A/c.518T>A p.(Cys173Ser) Profound deafness
(LHFPL5)

6 NM_016239.3 ¢.5336T>C/c.5336T>C p.(Leu1779Pro) Profound deafness
(MYO15A)

7 NM_144672.3 c.1837G>T/c.1837G>T p-(Val603Phe) Severe-to-profound deafness
(OTOA)

8 NM_001145026.1 ¢.5592dup/c.5592dup p-(Glu134Glyfs*6) Profound deafness
(PTPRQ)

9 NM_032119.3 ¢.6017del/c.7188_7189ins14 p-(Gly2006Alafs*13)/ Moderate deafness + retinal defect
(GPR9S) p.(Val2397Leufs*2) (Usher syndrome of type Il)

Novel mutations are indicated in bold.

Nine unrelated pairs of affected siblings were selected
from the 33 remaining families (based on several criteria
including different geographic origins, large sets of sib-
lings, and parental consanguinity), and underwent whole
exome sequencing analysis. The pedigrees are shown in
Figure 1. To analyze the data, we first excluded sequence
variants with prevalence higher than 3% in the
dbSNP132, 1000 genomes, and HapMap databases. Sec-
ond, we focused on variants present in the coding exons
and flanking splice sites (nonsense, frameshift, missense,
or splice site mutations). Finally, in the seven pairs of
patients born to consanguineous parents, we expected the
causative mutations to be present in the homozygous
state. In all nine families, we identified presumably patho-
genic biallelic mutations in known deafness genes. These
mutations are listed in Table 1, together with the patients’
auditory phenotypes. Among the 10 different mutations
identified, seven had not been reported previously and
were not present in 200 Algerian control alleles or in the
1000 genomes and Exome Variant Server databases.

Nonsense mutations in OTOF (DFNB9, OMIM*603681)
(Yasunaga et al. 1999), c.699C>T: p.(Arg237*) and
€.2122C>T: p.(Arg708%*), each in the homozygous state,
were found in patients II1.1, II1.3, 1I1.4, and V.1, V.2, V.3,
V.4 from families 1 and 2, respectively. These mutations
had previously been reported in two families from the Uni-
ted Arab Emirates (Houseman et al. 2001) and from Spain.
Of note, patients III.1, III.3, and III.4 presented with audi-
tory neuropathy. OTOF encodes otoferlin, a large trans-
membrane protein involved in exocytosis of synaptic
vesicles at the inner hair cell ribbon synapse (Roux et al.

2006). Mutations in OTOF usually result in prelingual, pro-
found deafness (Chaib et al. 1996; Yasunaga et al. 2000).
To date, more than 90 pathogenic sequence variants in
OTOF have been reported (Mahdieh et al. 2012). The
p-(GIn829*) nonsense mutation is responsible for about
3% of all DENB cases in Spain (Migliosi et al. 2002; Rodri-
guez-Ballesteros et al. 2003), but this mutation was not
detected in our patients.

In patients V.1 and V.2 from family 3, we identified a
biallelic missense mutation (c.1334T>G: p.(Leud45Trp))
in exon 11 of SLC26A4 (DFNB4, OMIM*605646). This
mutation had been previously reported in one Dutch
family and two Tunisian families (van Hauwe et al. 1998;
Masmoudi et al. 2000). The mutation is predicted to be
pathogenic by PolyPhen-2, SIFT, and Mutation Taster
(Table S2), and has indeed been shown to prevent the
targeting of the protein to the plasma membrane in trans-
fected COS-7 cells (Choi et al. 2009). In the patients from
family 3, temporal bone CT scan analysis was carried out
after the genetic analysis and showed bilateral enlarge-
ment of the vestibular aqueduct, a common inner ear
malformation in DFNB4 patients (Usami et al. 1999).
SLC26A4 encodes pendrin, a transmembrane ion trans-
porter exchanging chloride for other anions, such as
iodide in the thyroid gland or bicarbonate in the inner
ear. In the cochlea, pendrin is found in the apical mem-
brane of outer sulcus and spiral prominence epithelial
cells and in supporting cells, which border the endolym-
phatic compartment, and in cochlear ganglion cells
(Yoshino et al. 2006). Mutations in SLC26A4 are respon-
sible for both syndromic (Pendred syndrome) and
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Figure 1. Pedigree of the nine Algerian families.

nonsyndromic (DFNB4) hearing impairment (Li et al.
1998; Blons et al. 2004). Mutations in this gene have been
reported to account for as many as 7-13% of all deafness
cases in Chinese and Danish populations (Yuan et al.
2012; Rendtorff et al. 2013).

Patients IV.1 and IV.2 in family 4 carried a previously
unreported biallelic missense mutation in GIPC3
(OMIM*608792, c.764T>A: p.(Met255Lys), RNA not
analyzed), which was absent in their unaffected brother.
This mutation is predicted to be pathogenic by two of
the three algorithms used (Table S2). GIPC3 (G alpha
Interacting Protein C terminus 3), the gene responsible
for DFNB15/95/72 (Ain et al. 2007), encodes a PDZ-
domain-containing protein involved in the postnatal mat-
uration of the hair bundles and the long-term survival of
inner ear hair cells and cochlear ganglion cells (Charizo-
poulou et al. 2011). To date, 10 pathogenic sequence
variants in GIPC3 have been reported (Masaru 2013).
Different variants are present in India (Charizopoulou
et al. 2011), Pakistan (Rehman et al. 2011), Turkey
(Sirmaci et al. 2009; Diaz-Horta et al. 2012), and Saudi
Arabia (Ramzan et al. 2013). These mutations cause

192

variable hearing impairment, from moderate to profound.
In family 4, patients IV.1 and IV.2 both presented with
bilateral, severe-to-profound prelingual deafness, as did
the patients carrying a previously reported missense
mutation affecting the next amino acid residue within the
GH2 domain of the protein (c.767G>A: p.(Gly256Asp))
(Masaru 2013).

Patients V.1, V.5, and V.6 in family 5 carried a previ-
ously unreported biallelic missense mutation in LHFPL5
(OMIM*609427, ¢.518 T>A: p.(Cysl73Ser), RNA not
analyzed). In patient V.3, DNA was not available to iden-
tify the mutation. This mutation is predicted to be patho-
genic by the three algorithms used (Table S2). LHFPL5
(lipoma HMGIC fusion partner-like 5), the gene responsi-
ble for DENB67 (Kalay et al. 2006) encodes TMHS (tetra-
span membrane protein of hair cell stereocilia). This
protein is present in the stereocilia of inner and outer
hair cells of the cochlea (Longo-Guess et al. 2005), and is
involved in the auditory mechano-electrical transduction
(Xiong et al. 2012). The mutation affects a cysteine resi-
due in the second extracellular loop of the protein
(between transmembrane domains 3 and 4), and points
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to an essential role of this residue in the structure and/or
the function of the protein.

Patient IIL.2, II1.3, and II1.4 in family 6 carried a previ-
ously unreported biallelic missense mutation in MYOI15A
(OMIM*602666, c.5336A>G: p.(Leul779Pro), RNA not
analyzed). This mutation, the first MYOI5A mutation
identified in Algeria, is predicted to be pathogenic by the
three algorithms used (Table S2). MYOI5A is the gene
responsible for DENB3 (Fridman et al. 1995). It encodes
myosin XVa, a large actin-based motor protein of cochl-
ear hair cells. The mutation affects an amino acid residue
located in the motor domain of the protein, and is there-
fore predicted to be deleterious for its motor activity. In
the cochlear hair cells, myosin XVa plays an important
role in the differentiation and elongation of the stereocilia
(Belyantseva et al. 2003). Some mutations in MYOI5A
have been reported in populations from Tunisia, Pakistan,
India, Turkey, Indonesia, and Brazil (Belguith et al. 2009;
Cengiz et al. 2010; Bashir et al. 2012; Fattahi et al. 2012;
Riahi et al. 2014).

Patients V.1 and V.2 in family 7 carried a previously
unreported biallelic mutation in OTOA (OMIM*607039,
¢.1807G>T: p.(Val603Phe), RNA not analyzed). This mis-
sense mutation is predicted to be pathogenic by the three
algorithms used, and may also interfere with the acceptor
site of intron 18 according to the NNSPLICE prediction
program (Table S2). OTOA, responsible for DFNB22,
encodes otoancorin, an inner ear-specific glycosylphos-
phatidylinositol-anchored protein present at the apical
surface of spiral limbus cells in the cochlea (Zwaenepoel
et al. 2002). This protein is required for limbal attachment
of the tectorial membrane, which conditions the proper
stimulation of the inner hair cells, the genuine auditory
sensory cells (Lukashkin et al. 2012). No mutations in
OTOA have so far been reported in Tunisia and Morocco.

Patients IV.1 and IV.2 in family 8 carried an unre-
ported biallelic frameshift duplication in PTPRQ
(OMIM*603317, c.6080dup: p.(Asn2027Lys*9), RNA not
analyzed) introducing a premature stop codon. PTPRQ
(protein tyrosine phosphatase, receptor type, Q), respon-
sible for DFENB84 (Shahin et al. 2010), encodes a member
of the type III receptor-like protein tyrosine phosphatase
family. Only three mutations (two nonsense and a mis-
sense) have previously been reported in PTPRQ, in
Dutch, Moroccan, and Palestinian families (Schraders
et al. 2010; Shahin et al. 2010). Dutch and Moroccan
patients also had abnormal vestibular function (Schraders
et al. 2010). Patients IV.1 and IV.2 in family 8 have pro-
found deafness without delay in walking age, suggesting
the absence of vestibular dysfunction.

Finally, patients III.1 and II1.2 in family 9 carried two
different frameshift mutations in GPR98, (OMIM*602851,
c.6017del: p.(Gly2006Alafs*13), RNA not analyzed) and

Genetic Hearing Impairment in Algeria

(c.7188_7189ins14: p.(Val2397Leufs*2), RNA not ana-
lyzed). Segregation analysis confirmed the biallelic inheri-
tance of the mutations from the parents (Fig. 1). GPR9S,
encoding the G protein-coupled receptor 98, also known
as VLGRI1 (very large G protein-coupled receptor 1) is
responsible for Usher syndrome of type 2C, characterized
by bilateral, mild-to-moderate sensorineural hearing
impairment, normal vestibular function, and progressive-
onset visual loss associated with retinitis pigmentosa
(Weston et al. 2004). Consistently, the two patients of
family 9 had moderate deafness and, although the initial
ocular fundus examination did not reveal any abnormali-
ties, further ophthalmological evaluation by electroretino-
gram confirmed the molecular diagnosis of Usher
syndrome by showing abnormal photoreceptor function
in all retinal regions.

In conclusion, our study, the first one analyzing a large
number of families affected by early onset nonsyndromic
hearing impairment in Algeria, not only shows that muta-
tions in GJB2 account for a large proportion of the Alge-
rian DFNB cases (48% of the families analyzed) but also
reveals a substantial heterogeneity in the causal genes,
with 7 of 10 mutations detected in eight different genes
being not previously reported. Of note, the three previ-
ously reported mutations had been found in DFNB fami-
lies from Saudi Arabia, Tunisia, and Spain, therefore
opening the possibility to trace population migrations
through the search of these mutations in other countries
around the Mediterranean Sea and in the Middle East.

Acknowledgment

The authors thank the families for their participation in
this study. This work was supported by grants from the
Algerian government, BNP Paribas Foundation, and
“Lifesenses” Labex.

Conflict of Interest

None declared.

References

Abidi, O., R. Boulouiz, H. Nahili, M. Ridal, M. N. Alami, A.
Tlili, et al. 2007. GJB2 (connexin 26) gene mutations in
Moroccan patients with autosomal recessive non-syndromic
hearing loss and carrier frequency of the common GJB2-
35delG mutation. Int. J. Pediatr. Otorhinolaryngol. 71:1239—
1245.

Ain, Q., S. Nazli, S. Riazuddin, A. U. Jaleel, S. A.
Riazuddin, A. U. Zafar, et al. 2007. The autosomal
recessive nonsyndromic deafness locus DFNB72 is
located on chromosome 19p13.3. Hum. Genet. 122:
445-450.

© 2015 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc. 193

85UB017 SUOWILIOD 3A1RID 3|cedl|dde auy Aq pausenob a1e 3ol YO ‘@SN JO SaINJ 10} Aeiq1 8UIIUO AB|IM UO (SUOIPUOD-pUR-SUIR}L0D A8 | 1M ARe1q | U1 |UO//:SONY) SUORIPUOD PUe SWIB L 83U} 89S *[£202/2T/T0] Uo ArigTauluo A|IM ‘urneised Inisu| Aq TET"€BBL/Z00T 0T/I0p/w0d A | 1M Afeq joul uoj/Sdny Lol pepeojumoq ‘€ ‘STOZ ‘6926v2EC



Genetic Hearing Impairment in Algeria

Ammar-Khodja, F., V. Faugere, D. Baux, C. Giannesini, S.
Leonard, M. Makrelouf, et al. 2009. Molecular screening of
deafness in Algeria: high genetic heterogeneity involving
DFNBI and the Usher loci, DFNB2/USH1B, DENB12/
USHI1D and DFNB23/USHI1F. Eur. J. Med. Genet.
52:174-179.

Bashir, R., A. Fatima, and S. Naz. 2012. Prioritized sequencing
of the second exon of MYOI5A reveals a new mutation
segregating in a Pakistani family with moderate to severe
hearing loss. Eur. J. Med. Genet. 55:99-102.

Belguith, H., M. Aifa-Hmani, H. Dhouiba, M. B. Said, M. A.
Mosrati, I. Lahmar, et al. 2009. Screening of the DFNB3
locus: identification of three novel mutations of MYOI5A
associated with hearing loss and further suggestion for two
distinctive genes on this locus. Genet. Test. Mol. Biomarkers
13:147-151.

Belyantseva, 1. A., E. T. Boger, and T. B. Friedman. 2003.
Myosin XVa localizes to the tips of inner ear sensory cell
stereocilia and is essential for staircase formation of the hair
bundle. Proc. Natl. Acad. Sci. USA 100:13958-13963.

Ben Said, M., M. Hmani-Aifa, I. Amar, S. M. Baig, M.
Mustapha, S. Delmaghani, et al. 2010. High frequency of the
p- R34X mutation in the TMCI1 gene associated with
nonsyndromic hearing loss is due to founder effects. Genet.
Test. Mol. Biomarkers 14:307-311.

Blons, H., D. Feldmann, V. Duval, O. Messaz, F. Denoyelle, N.
Loundon, et al. 2004. Screening of SLC26A4 (PDS) gene in
Pendred’s syndrome: a large spectrum of mutations in
France and phenotypic heterogeneity. Clin. Genet.
66:333-340.

Bonnet, C., M. Louha, N. Loundon, N. Michalski, E. Verpy, L.
Smagghe, et al. 2013. Biallelic nonsense mutations in the
otogelin-like gene (OTOGL) in a child affected by mild to
moderate hearing impairment. Gene 527:537-540.

Cengiz, F. B., D. Duman, A. Sirmaci, S. Tokgoz-Yilmaz, S.
Erbek, H. Ozturkmen-AKkay, et al. 2010. Recurrent and
private MYOI15A mutations are associated with deafness in
the Turkish population. Genet. Test. Mol. Biomarkers
14:543-550.

Chaib, H., C. Place, N. Salem, S. Chardenoux, C. Vincent, J.
Weissenbach, et al. 1996. A gene responsible for a
sensorineural nonsyndromic recessive deafness maps to
chromosome 2p22-23. Hum. Mol. Genet. 5:155-158.

Charizopoulou, N., A. Lelli M. Schraders, K. Ray, M. S.
Hildebrand, A. Ramesh, et al. 2011. Gipc3 mutations
associated with audiogenic seizures and sensorineural
hearing loss in mouse and human. Nat. Commun.
2:201.

Choi, M., U. I. Scholl, W. Ji, T. Liu, I. R. Tikhonova, P.
Zumbo, et al. 2009. Genetic diagnosis by whole exome
capture and massively parallel DNA sequencing. Proc. Natl.
Acad. Sci. USA 106:19096-19101.

Delmaghani, S., A. Aghaie, N. Michalski, C. Bonnet, D. Weil,
and C. Petit. 2012. Defect in the gene encoding the EAR/

194 © 2015 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc.

Ammar-Khodja et al.

EPTP domain-containing protein TSPEAR causes DFNB98
profound deafness. Hum. Mol. Genet. 21:3835-3844.

Diaz-Horta, O., D. Duman, J. Foster II, A. Sirmaci, M.
Gonzalez, N. Mahdieh, et al. 2012. Whole-exome
sequencing efficiently detects rare mutations in autosomal
recessive nonsyndromic hearing loss. PLoS One 7:
e50628.

Fattahi, Z., A. E. Shearer, M. Babanejad, N. Bazazzadegan, S.
N. Almadani, N. Nikzat, et al. 2012. Screening for MYO15A
gene mutations in autosomal recessive nonsyndromic, GJ/B2
negative Iranian deaf population. Am. J. Med. Genet. A
158A:1857-1864.

Fridman, T. B., Y. Liang, J. L. Weber, J. T. Hinnant, T. D.
Barber, S. Winata, et al. 1995. A gene for congenital,
recessive deafness DFNB3 maps to the pericentromeric
region of chromosome 17. Nat. Genet. 9:86-91.

van Hauwe, P., L. A. Everett, P. Coucke, D. A. Scott, M. L.
Kraft, C. Ris-Stalpers, et al. 1998. Two frequent missense
mutations in Pendred syndrome. Hum. Mol. Genet.
7:1099-1104.

Holder, S. 1996. Hereditary hearing loss and its syndromes.
R. J. Gorlin, H. V. Toriello, and M. J. Cohen, Jr. Oxford
University Press, New York, 1995, 457 pp. American Journal
of Medical Genetics, 61, 101.

Houseman, M. J., A. P. Jackson, L. I. Al-Gazali, R. A. Badin,
E. Roberts, and R. F. Mueller. 2001. A novel mutation in a
family with non-syndromic sensorineural hearing loss that
disrupts the newly characterised OTOF long isoforms. J.
Med. Genet. 38:E25.

Kalay, E., Y. Li, O. Uyguner, R. W. Collin, R. Caylan, M.
Ulubil-Emiroglu, et al. 2006. Mutations in the lipoma
HMGIC fusion partner-like 5 (LHFPL5) gene cause
autosomal recessive nonsyndromic hearing loss. Hum.
Mutat. 27:633-639.

de Keulenaer, S., J. Hellemans, S. Lefever, J. P. Renard, J. de
Schrijver, H. van de Voorde, et al. 2012. Molecular
diagnostics for congenital hearing loss including 15 deafness
genes using a next generation sequencing platform. BMC
Med. Genomics 5:17.

Li, X. C.,, L. A. Everett, A. K. Lalwani, D. Desmukh, T. B.
Friedman, E. D. Green, et al. 1998. A mutation in PDS
causes non-syndromic recessive deafness. Nat. Genet.
18:215-217.

Longo-Guess, C. M., L. H. Gagnon, S. A. Cook, J. Wu, Q. Y.
Zheng, and K. R. Johnson. 2005. A missense mutation in
the previously undescribed gene Tmhs underlies deafness in
hurry-scurry (hscy) mice. Proc. Natl. Acad. Sci. USA
102:7894-7899.

Lukashkin, A. N., P. K. Legan, T. D. Weddell, V. A.
Lukashkina, R. J. Goodyear, L. J. Welstead, et al. 2012. A
mouse model for human deafness DFNB22 reveals that
hearing impairment is due to a loss of inner hair
cell stimulation. Proc. Natl. Acad. Sci. USA
109:19351-19356.

85UB017 SUOWILIOD 3A1RID 3|cedl|dde auy Aq pausenob a1e 3ol YO ‘@SN JO SaINJ 10} Aeiq1 8UIIUO AB|IM UO (SUOIPUOD-pUR-SUIR}L0D A8 | 1M ARe1q | U1 |UO//:SONY) SUORIPUOD PUe SWIB L 83U} 89S *[£202/2T/T0] Uo ArigTauluo A|IM ‘urneised Inisu| Aq TET"€BBL/Z00T 0T/I0p/w0d A | 1M Afeq joul uoj/Sdny Lol pepeojumoq ‘€ ‘STOZ ‘6926v2EC



Ammar-Khodja et al.

Mahdieh, N., A. Shirkavand, B. Rabbani, M. Tekin, B. Akbari,
M. T. Akbari, et al. 2012. Screening of OTOF mutations in
Iran: a novel mutation and review. Int. J. Pediatr.
Otorhinolaryngol. 76:1610-1615.

Masaru, K. 2013. Functional proteomics, human genetics and
cancer biology of GIPC family members. Exp. Mol. Med.
45:e26.

Masmoudi, S., I. Charfedine, M. Hmani, M. Grati, A. M.
Ghorbel, A. Elgaied-Boulila, et al. 2000. Pendred syndrome:
phenotypic variability in two families carrying the same PDS
missense mutation. Am. J. Med. Genet. 90:38—44.

Migliosi, V., S. Modamio-Hoybjor, M. A. Moreno-Pelayo, M.
Rodriguez-Ballesteros, M. Villamar, D. Telleria, et al. 2002.
Q829X, a novel mutation in the gene encoding otoferlin
(OTOF), is frequently found in Spanish patients with
prelingual non-syndromic hearing loss. J. Med. Genet.
39:502-506.

Morton, N. E. 1991. Genetic epidemiology of hearing
impairment. Ann. N. Y. Acad. Sci. 630:16-31.

Ng, S. B., K. J. Buckingham, C. Lee, A. W. Bigham, H. K.
Tabor, K. M. Dent, et al. 2010. Exome sequencing identifies
the cause of a mendelian disorder. Nat. Genet. 42:30-35.

Ramzan, K., M. Al-Owain, R. Allam, A. Berhan, G. Abuharb,
K. Taibah, et al. 2013. Homozygosity mapping identifies a
novel GIPC3 mutation causing congenital nonsyndromic
hearing loss in a Saudi family. Gene 521:195-199.

Rehman, A. U., K. Gul, R. J. Morell, K. Lee, Z. M. Ahmed, S.
Riazuddin, et al. 2011. Mutations of GIPC3 cause
nonsyndromic hearing loss DENB72 but not DENB81 that
also maps to chromosome 19p. Hum. Genet. 130:759-765.

Rendtorff, N. D., I. Schrijver, M. Lodahl, T. Rodriguez-Paris,
E. C. Hansén, L. A. Nickelsen, et al. 2013. SLC26A4
mutation frequency and spectrum in 109 Danish Pendred
syndrome/DFNB4 probands and a report of nine novel
mutations. Clin. Genet. 84:388-391.

Riahi, Z., H. Hammami, H. Ouragini, H. Messai, R. Zainine,
Y. Bouyacoub, et al. 2013. Update of the spectrum of GJ/B2
gene mutations in Tunisian families with autosomal
recessive nonsyndromic hearing loss. Gene 525:1-4.

Riahi, Z., C. Bonnet, R. Zainine, M. Louha, Y. Bouyacoub, N.
Laroussi, et al. 2014. Whole exome sequencing identifies
new causative mutations in Tunisian families with non-
syndromic deafness. PLoS One 9:¢99797.

Rodriguez-Ballesteros, M., F. J. del Castillo, Y. Martin, M. A.
Moreno-Pelayo, C. Morera, F. Prieto, et al. 2003. Auditory
neuropathy in patients carrying mutations in the otoferlin
gene (OTOF). Hum. Mutat. 22:451-456.

Roux, I, S. Safieddine, R. Nouvian, M. Grati, M. C. Simmler,
A. Bahloul, et al. 2006. Otoferlin, defective in a human
deafness form, is essential for exocytosis at the auditory
ribbon synapse. Cell 127:277-289.

Schraders, M., J. Oostrik, P. L. Huygen, T. M. Strom, E. van
Wijk, H. P. Kunst, et al. 2010. Mutations in PTPRQ are a
cause of autosomal-recessive nonsyndromic hearing

Genetic Hearing Impairment in Algeria

impairment DFNB84 and associated with vestibular
dysfunction. Am. J. Hum. Genet. 86:604-610.

Shahin, H., M. Rahil, A. Abu Rayan, K. B. Avraham, M. C.
King, M. Kanaan, et al. 2010. Nonsense mutation of the
stereociliar membrane protein gene PTPRQ in human
hearing loss DFNB84. J. Med. Genet. 47:643-645.

Sirmaci, A., D. Duman, H. Ozturkmen-Akay, S. Erbek, A.
Incesulu, B. Ozturk-Hismi, et al. 2009. Mutations in TMC1
contribute significantly to nonsyndromic autosomal
recessive sensorineural hearing loss: a report of five novel
mutations. Int. J. Pediatr. Otorhinolaryngol. 73:699-705.

Teer, J. K, and J. C. Mullikin. 2010. Exome sequencing: the
sweet spot before whole genomes. Hum. Mol. Genet. 19:
R145-R151.

Usami, S., S. Abe, M. D. Weston, H. Shinkawa, G. van Camp,
and W. J. Kimberling. 1999. Non-syndromic hearing loss
associated with enlarged vestibular aqueduct is caused by
PDS mutations. Hum. Genet. 104:188-192.

Wei, X., Y. Sun, J. Xie, Q. Shi, N. Qu, G. Yang, et al. 2012.
Next-generation sequencing identifies a novel compound
heterozygous mutation in MYO7A in a Chinese patient
with Usher Syndrome 1B. Clin. Chim. Acta
413:1866—-1871.

Weston, M. D., M. W. Luijendijk, K. D. Humphrey, C. Moller,
and W. J. Kimberling. 2004. Mutations in the VLGRI gene
implicate G-protein signaling in the pathogenesis of Usher
syndrome type II. Am. J. Hum. Genet. 74:357-366.

Xiong, W., N. Grillet, H. M. Elledge, T. F. Wagner, B. Zhao,
K. R. Johnson, et al. 2012. TMHS is an integral component
of the mechanotransduction machinery of cochlear hair
cells. Cell 151:1283-1295.

Yasunaga, S., M. Grati, M. Cohen-Salmon, A. El-Amraoui, M.
Mustapha, N. Salem, et al. 1999. A mutation in OTOF,
encoding otoferlin, a FER-1 like protein, causes DENBY, a
nonsyndromic form of deafness. Nat. Genet. 21:363-369.

Yasunaga, S., M. Grati, S. Chardenoux, T. N. Smith, T. B.
Friedman, A. K. Lalwani, et al. 2000. OTOF encodes
multiple long and short isoforms: genetic evidence that the
long ones underlie recessive deafness DENB9. Am. J. Hum.
Genet. 67:591-600.

Yoshino, T., E. Sato, T. Nakashima, M. Teranishi, H.
Yamamoto, H. Otake, et al. 2006. Distribution of pendrin in
the organ of Corti of mice observed by electron
immunomicroscopy. Eur. Arch. Otorhinolaryngol. 263:
699-704.

Yuan, Y., W. Guo, J. Tang, G. Zhang, G. Wang, M. Han, et al.
2012. Molecular epidemiology and functional assessment of
novel allelic variants of SLC26A4 in non-syndromic hearing
loss patients with enlarged vestibular aqueduct in China.
PLoS One 7:11.

Zwaenepoel, I., M. Mustapha, M. Leibovici, E. Verpy, R.
Goodyear, X. Z. Liu, et al. 2002. Otoancorin, an inner ear
protein restricted to the interface between the apical surface
of sensory epithelia and their overlying acellular gels, is

© 2015 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc. 195

85UB017 SUOWILIOD 3A1RID 3|cedl|dde auy Aq pausenob a1e 3ol YO ‘@SN JO SaINJ 10} Aeiq1 8UIIUO AB|IM UO (SUOIPUOD-pUR-SUIR}L0D A8 | 1M ARe1q | U1 |UO//:SONY) SUORIPUOD PUe SWIB L 83U} 89S *[£202/2T/T0] Uo ArigTauluo A|IM ‘urneised Inisu| Aq TET"€BBL/Z00T 0T/I0p/w0d A | 1M Afeq joul uoj/Sdny Lol pepeojumoq ‘€ ‘STOZ ‘6926v2EC



Genetic Hearing Impairment in Algeria Ammar-Khodja et al.
defective in autosomal recessive deafness DFNB22. Proc. Table S1. Primers used to validate the mutations by San-
Natl. Acad. Sci. USA 99:6240-6245. ger sequencing.

Table S2. Pathogenicity predictions of missense muta-
tions.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

196 © 2015 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc.

85UB017 SUOWILIOD 3A1RID 3|cedl|dde auy Aq pausenob a1e 3ol YO ‘@SN JO SaINJ 10} Aeiq1 8UIIUO AB|IM UO (SUOIPUOD-pUR-SUIR}L0D A8 | 1M ARe1q | U1 |UO//:SONY) SUORIPUOD PUe SWIB L 83U} 89S *[£202/2T/T0] Uo ArigTauluo A|IM ‘urneised Inisu| Aq TET"€BBL/Z00T 0T/I0p/w0d A | 1M Afeq joul uoj/Sdny Lol pepeojumoq ‘€ ‘STOZ ‘6926v2EC



