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Abstract
Hearing loss (HL) is one of the most common sensorineural disorders and several dozen

genes contribute to its pathogenesis. Establishing a genetic diagnosis of HL is of great impor-

tance for clinical evaluation of deaf patients and for estimating recurrence risks for their fami-

lies. Efforts to identify genes responsible for HL have been challenged by high genetic

heterogeneity and different ethnic-specific prevalence of inherited deafness. Here we present

the utility of whole exome sequencing (WES) for identifying candidate causal variants for pre-

viously unexplained nonsyndromic HL of seven patients from four unrelated Altaian families

(the Altai Republic, South Siberia). TheWES analysis revealed homozygousmissensemuta-

tions in three genes associated with HL. Mutation c.2168A>G (SLC26A4) was found in one

family, a novel mutation c.1111G>C (OTOF) was revealed in another family, and mutation

c.5254G>A (RAI1) was found in two families. Sanger sequencing was applied for screening

of identified variants in an ethnically diverse cohort of other patients with HL (n = 116) and in

Altaian controls (n = 120). Identified variants were found only in patients of Altaian ethnicity

(n = 93). Several lines of evidences support the association of homozygosity for discovered

variants c.5254G>A (RAI1), c.1111C>G (OTOF), and c.2168A>G (SLC26A4) with HL in

Altaian patients. Local prevalence of identified variants implies possible founder effect in sig-

nificant number of HL cases in indigenous population of the Altai region. Notably, this is the

first reported instance of patients with RAI1missensemutation whose HL is not accompanied

by specific traits typical for Smith-Magenis syndrome. Presumed association ofRAI1 gene

variant c.5254G>A with isolated HL needs to be proved by further experimental studies.
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Introduction
Hearing loss (HL) is one of the most common sensorineural disorders, affecting one in 500–
1000 newborns. Approximately half of these cases have an underlying genetic basis for their
HL [1]. More than 400 genetic syndromes have been associated with HL, and almost 80% of
familial HL is nonsyndromic hearing loss (NSHL). Hereditary HL can be inherited in an auto-
somal dominant, autosomal recessive, or X-linked recessive manner as well as by mitochon-
drial inheritance [2]. Mutations in gene GJB2 (gap junction protein, beta-2, MIM 121011)
encoding connexin 26 (Cx26) account for a significant portion (up to 50%) of autosomal reces-
sive NSHL (ARNSHL) among various ethnic groups [1,2].

Despite significant progress in identifying deafness-related genes, the genetic causes of
inherited NSHL often remain unclear due to extreme ethnicity-specific variation and limited
phenotypic variability. Current genetic testing applies Sanger sequencing and microarray
approaches primarily for detecting mutations in GJB2 and for a small number of other known
common deafness genes. The genetic heterogeneity of HL—with ~ 140 genetic loci currently
associated with NSHL and many others involved in HL [3]—makes these approaches impracti-
cal for genetic testing of individual patients. More recently, the rapid development of next-gen-
eration sequencing (NGS) methods including whole-exome sequencing (WES) have enabled
researchers to identify unknown deleterious variants in a significant number of HL cases [4–9].
One of the strategies for searching new deafness-associated candidate genes and variants com-
bines preliminary linkage analysis with subsequent NGS for narrowed chromosomal regions
[6–8]. However, linkage analyses are hardly applicable for affected patients from small-size
non-consanguineous families. In such cases application of WES allows interrogation of all pro-
tein-coding genome regions in a single experiment [9].

In previous work we investigated the molecular basis of deafness by screening GJB2 (Cx26)
mutations in ethnically heterogeneous patients from the Altai Republic (South Siberia) and
found variable contribution of certain mutations in GJB2 to HL in patients belonging to differ-
ent ethnic groups [10]. Potential genetic causes for deafness in patients with the absence of
GJB2 deleterious mutations remained unclear. The aim of the present work is to apply WES to
investigate contributing genetic factors for hearing impairment in HL patients living in the
Altai Republic.

Materials and Methods

Patients and controls
A cohort of 163 ethnically heterogeneous patients with HL from the Altai Republic was col-
lected during field work between 2002 and 2011 and included 93 indigenous Altaians, 33 Rus-
sians, 13 Kazakhs, and 24 individuals of mixed and other ethnicities. Preliminary screening of
GJB2 (Cx26) mutations revealed deleterious GJB2mutations in 40 out of 163 examined
patients and their contribution to HL varied from 15.1% in Altaian patients to 51.5% in Rus-
sians (OLP, unpublished data). Causes for deafness in Cx26-negative patients (n = 123, includ-
ing 79 Altaians, 16 Russians, 10 Kazakhs, and 18 individuals of mixed and other ethnicities)
remained unknown.

We explored the utility of WES for identifying candidate causal variants in seven Cx26-ne-
gative for deleterious variants Altaian patients with congenital profound HL of unknown
genetic etiology from four unrelated extended families (F38, F40, F53, and F54) (see S1 Table).
Multiple affected siblings in each family along with unaffected parents allowed us to infer an
autosomal recessive mode of HL inheritance in these families. These families live in remote
small villages in various administrative districts of the Altai Republic. Hearing status of affected
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individuals was evaluated by otoscopic and pure-tone audiometry examinations, which
patients underwent at different times in the only specialized audiologic service in the Altai
Republic. Other concomitant information was collected from local unspecialized medical ser-
vices and by direct interview with the patients and their relatives.

120 normal hearing unrelated Altaians were also included in this study as controls.

Ethics Statement
Written informed consent was obtained from all individuals who participated in this study or
their legal guardians. This study was approved by the Ethics Committee at the Institute of
Cytology and Genetics (Novosibirsk, Russian Federation) and was in compliance with the Dec-
laration of Helsinki.

Whole exome sequencing (WES) and sequence data analysis
Genomic DNA was isolated by a standard phenol chloroform extraction method. Seven geno-
mic DNA samples were sequenced on Illumina HiSeq 2000 using Agilent SureSelect Human
All Exon V4 51Mb enrichment kit. Sequence reads generated from the libraries were filtered
for quality, aligned and mapped to the hg19 human reference genome using the gsNap pro-
gram [11]. The variant calling process for both indels (insertion/deletions) and single nucleo-
tide variants was done by using the Genome Analysis Toolkit (GATK, http://www.
broadinstitute.org/gatk). ANNOVAR software was applied for variant functional annotation
[12]. The deleterious impact of non-synonymous SNPs was predicted by the PolyPhen-2
(version 2.2.2) (http://genetics.bwh.harvard.edu/pph2) [13]. Under the assumption that HL in
siblings from families F38, F40, and F54 was likely caused by the same mutations in corre-
sponding gene with recessive pattern of inheritance, we focused our evaluation of the WES
data sets only on homozygous or compound heterozygous variants shared by affected siblings
from the same family. The only patient from family F53 was screened for rare deleterious vari-
ants known as related with HL according to ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/).
Additional criteria for filtering variants was an allele frequency< 5%. All shared variants pre-
dicted by PolyPhen-2 as “possibly damaging” or “probably damaging” were further analyzed
for zygosity in the context of a candidate gene list for NSHL genes with known autosomal
recessive inheritance patterns [3]. To extend the candidate gene list we have also searched
OMIM records (http://www.omim.org/) for the terms “hearing loss” and “deafness”. Rarity
of the variants was predicted based on the alternate allele frequency according to the
dbSNP138 (http://www.ncbi.nlm.nih.gov/projects/SNP/), 1000 Genomes Project (http://www.
1000genomes.org/), Exome Sequencing Project (ESP, 6500 exomes, http://evs.gs.washington.
edu/EVS/), and Exome Aggregation Consortium (ExAC, Cambridge, MA, http://exac.
broadinstitute.org).

Sanger sequencing
Three mutations detected by WES in seven Altaian patients from four families F38, F40, F53,
and F54 were validated by Sanger sequencing. Cohort of all other Cx26-negative patients
(n = 116, including all available members from the WES families), and 120 normal hearing
Altaians were further screened by Sanger sequencing for the identified variants in the RAI1,
OTOF, and SLC26A4 genes. Primer pairs designed to amplify corresponding PCR products
and used also as Sanger primers are presented in S2 Table. PCR products were purified using
Agencourt Ampure XP.

The coding region of the RAI1 gene encompassing exons 3, 4, 5 and part of exon 6 (mRNA
NCBI Reference Sequence: NM_030665.3) with flanking intronic regions was sequenced in 13
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individuals heterozygous or homozygous for mutation c.5254G>A (RAI1). Primers and PCR
conditions are available upon request.

Sanger sequencing was performed using an Applied Biosystems BigDye Terminator V.3.1
Cycle Sequencing Kit, with subsequent unincorporated dyes removal by Sephadex G-50 gel fil-
tration. Sanger products were analyzed on an Applied Biosystems 3130xl Genetic analyzer.

Statistical methods
Two-tailed Fisher’s exact test with significance level of p<0.05 was applied to compare allele
frequencies between patients and controls.

Results
The results of WES, variants filtering and evolutionary conservation for the positions of
detected variants are presented in Table 1 and S1 Fig. A novel homozygous missense mutation
c.5254G>A (p.Gly1752Arg) in gene RAI1 (retinoic acid induced 1, MIM 607642) was found in
two pairs of WES siblings from families F38 and F40; a novel homozygous missense mutation
c.1111C>G (p.Gly371Arg) in gene OTOF (otoferlin, MIM 603681) was observed in both WES
siblings from family F54; and a previously known homozygous missense mutation c.2168A>G
(p.His723Arg) was found in gene SLC26A4 (pendrin, MIM 605646) in the only WES examined
affected individual from family F53 (Table 2). It is interesting to note that the RAI1 gene is
absent in the candidate gene list for genes associated with nonsyndromic and syndromic HL
whereas OTOF and SLC26A4 are known as deafness-related genes [3]. The presence of three
detected mutations was further tested by Sanger sequencing in all available members from fam-
ilies F38, F40, F53, and F54. These candidate variants were also screened in all other Cx26-ne-
gative patients with HL and in the Altaian control group.

Variant c.5254G>A (p.Gly1752Arg) in the RAI1 gene
Cosegregation of homozygosity for mutation c.5254G>A in the RAI1 gene with congenital
bilateral profound HL was confirmed in the WES families F38 and F40 (Fig 1). The RAI1 gene
is known as the primary gene for Smith-Magenis syndrome (SMS, MIM 182290) (prevalence
1:25,000), which is characterized by variable intellectual disability including speech and motor
delay, behavioral abnormalities like self-injurious and/or aggressive behavior, sleep distur-
bance, particular craniofacial and skeletal abnormalities, obesity, hearing loss, hoarse voice and

Table 1. The results of theWES analysis and variants filtering for seven patients.

Family ID and patient code

F38 F40 F53 F54

38-II-4 38-II-5 40-II-1 40-II-3 53-II-1 a 54-II-2 54-II-5

Average depth of coverage (X) 41.35 40.55 49.10 35.58 47.62 28.27 45.93

Number of variants in CDS 50,204 49,728 52,813 45,825 53,823 44,995 53,851

Rare non-synonymous shared variants 1,235 1,428 2,578 1,437

Rare non-synonymous shared homozygous variants 139 151 332 173

Rare non-synonymous shared homozygous variants in candidate genes 1 1 6 1

Rare non-synonymous shared homozygous variants in candidate genes predicted
deleterious

1 1 1 1

a
—The only one patient from family F53 (53-II-1) was analyzed by WES. There are no rare shared indels.

doi:10.1371/journal.pone.0153841.t001
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other characteristic traits. About 90% of SMS cases are known to be associated with different
deletions (ranging from 1.5 to 9 Mb, with the most common* 3.7 Mb) of chromosome
17p11.2 region, which contains several genes including the RAI1 gene [14–16]. Approximately
10% of patients with SMS clinical features are associated with heterozygous RAI1mutations
[17–22].

Affected members from families F38 and F40 with c.5254G>A (RAI1) were originally
examined in 2002. After performing WES we revisited these families in 2013 to verify the pres-
ence of a nonsyndromic type of HL in affected family members. We found that all affected
members of both families F38 and F40 did not have the additional symptoms typical for SMS
patients with mutations in RAI1. In particular, we did not observe any craniofacial and skeletal
abnormalities (brachycephaly, midface hypoplasia, broad square-shaped face, a tented upper
lip, deep-set eyes, brachydactylia, short stature) and obesity. Close relatives denied presence or
history of the behavioral abnormalities (self-injurious and/or aggressive behavior) and sleep
disturbances in the patients with mutation c.5254G>A. All patients have not shown evident
intellectual disability. They all attended at different time the special school for deaf and hard of
hearing children and there were no other indications for their learning difficulties strongly dis-
tinguishing them from other deaf students. All patients use only sign language for communica-
tion and we were unable to recognize whether they have a hoarse-deep voice typical for SMS or
not. Mother in family F38 (38-I-1) heterozygous for c.5254G>A (Fig 1) had no hearing com-
plaints during first examination in 2002 when she was 65 years old. Reevaluation of her clinical
status eleven years later, however, revealed moderate-to-severe HL with obvious difficulties in
verbal communication. Due to a strong personal belief that her hearing impairment emerged
in recent years due to hypertension, she declined additional audiological examination.

Table 2. Missense variants identified in individuals studied byWES.

Patient code

38-II-4, 38-II-5, 40-II-1,
40-II-3

54-II-2, 54-II-5 53-II-1

Chromosome and reference position (in hg19) chr17:17701516(G) chr2:26707436(C) chr7:107350577(A)

Gene (exon) RAI1 (exon 3) OTOF (exon 12) SLC26A4 (exon 19)

Nucleotide change (Amino acid change) c.5254G>A (p.Gly1752Arg)
*

c.1111C>G (p.Gly371Arg)
*

c.2168A>G (p.His723Arg)

Accession number NM_030665.3 NM_194248.2 NM_000441.1

dbSNP138 (Global MAF) rs755572135 (no info) ** - rs121908362
(G = 0.0004/1)

1000 Genome Project database, alt. freq. - - 0.0009

Exome Sequencing Project (ESP) 6500 exomes - - -

Exome Aggregation Consortium (ExAC): allele number (allele
freq.)

11: 107,784 (0.0001021) - 15: 121,166 (0.0001238)

PolyPhen2 HumVar score 0.674 (possibly damaging) 1.0 (probably damaging) 1.0 (probably damaging)

SIFT tolerated damaging (0.0) deleterious (0.0)

Mutation Taster polymorphism disease_causing (0.0) disease_causing (0.0)

LRT deleterious (0.000124) deleterious (0) deleterious (0)

PhyloP Score (100 vertebrates) 1.308 7.701 6.299

* These sequence variants were submitted to ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) and the ClinVar accession numbers for the NM_030665.3:

Chr.17_17701516_17701516_G_A and the NM_194248.2: Chr.2_26707436_26707436_C_G sequences are SCV000196150 and SCV000196151,

respectively.

**—submitted by Genetic Services Laboratory, University of Chicago (Sept. 15, 2015).

doi:10.1371/journal.pone.0153841.t002
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Mutation c.5254G>A was also found in additional five patients from four unrelated Altaian
families F18, F37, F42, and F43 (Fig 1). Subjects homozygous for c.5254G>A (42-II-1 and
43-III-1) had congenital profound sensorineural HL. Subjects heterozygous for c.5254G>A
(18-II-1, 37-II-1, and 43-II-2) had varying onset and degree of HL: profound HL developed at
the age of 8 months after an unspecified illness was observed in patient 18-II-1; severe HL was

Fig 1. Identification of the c.5254G>A (p.Gly1752Arg) mutation in the RAI1 gene in Altaian families. (A) Pedigrees of theWES families F38, F40, and
additional four Altaian families F18, F37, F42, and F43 with mutation c.5254G>A (p.Gly1752Arg) in the RAI1 gene. (B) Validation of c.5254G>A by Sanger
sequencing. WES was performed for affected subjects indicated by blue codes. Black symbols represent individuals with congenital profound HL, moderate
or severe HL in individuals is marked by grey symbols. M—mutation c.5254G>A (p.Gly1752Arg), wt—wild type.

doi:10.1371/journal.pone.0153841.g001
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observed in patient 37-II-1 and was apparently influenced by perinatal asphyxia; unilateral
moderate HL was observed in patient 43-II-2 during adulthood and was partly attributed to
chronic otitis media. None of additional five patients with c.5254G>A demonstrated any signs
or symptoms consistent with SMS. In a control group of 120 unrelated, normal-hearing
Altaians four individuals were heterozygous c.5254G>A carriers (4/120, 3.33%).

To search potential additional deleterious variants in compound with c.5254G>A in
affected heterozygotes for c.5254G>A and to evaluate the RAI1 allelic variations with
c.5254G>A, we sequenced the RAI1 gene coding region encompassing exons 3, 4, 5 and part of
exon 6 with flanking intronic regions in 13 individuals homozygous or heterozygous for
c.5254G>A. These individuals included four affected homozygotes (38-II-5, 40-II-1, 42-II-1,
43-III-1), four affected heterozygotes (18-II-1, 37-II-1, 38-I-1, 43-II-2), five normal hearing
heterozygotes including three relatives (37-I-2, 43-II-3, 38-II-1) (see Fig 1), and two carriers of
c.5254G>A from Altaian controls whose DNAs were available (Alt-1, Alt-2). The sequencing
results are presented in S3 Table. No additional deleterious RAI1 variants were found in com-
pound with c.5254G>A in affected heterozygotes for c.5254G>A (18-II-1, 37-II-1, 38-I-1, and
43-II-2). Variations in sequenced region were defined by known SNPs (rs3803763, rs11649804,
rs8067439) and variable poly(CAG) region (including rs110783980) starting from 832 nucleo-
tide position (S3 Table). The only combination of two identical allelesmut: C-A-Q13[CAG CAA
(CAG)10 del(CAG) CAA]-G-c.5254G>A was observed in all c.5254G>A homozygote which
was suggested as the common allelic haplotype for c.5254G>A. For all c.5254G>A heterozy-
gotes, the haplotypes were reconstructed by singling out allelemut with assignment of residuary
nucleotide variants to the second allele. For members of families F37 and F43 (37-II-1 and
37-I-2, 43-II-2 and 43-II-3, respectively) the haplotypes were confirmed by corresponding ped-
igree data. In total, five different RAI1 alleles were reconstructed (S3 Table). All studied indi-
viduals with mutation c.5254G>A share a specific allelemut: C-A-Q13[CAG CAA (CAG)10 del
(CAG) CAA]-G-c.5254G>A suggesting the common origin of c.5254G>A in Altaians.

Mutation c.5254G>A was found only in Cx26-negative patients of Altaian ethnicity. For
accurate estimation of c.5254G>A allelic frequency, we also screened this mutation in Cx26-po-
sitive Altaian patients with HL. Nobody from this group had c.5254G>A.We compared fre-
quency of c.5254G>A in a total sample of Altaian patients (0.129, 24/186 chromosomes) and in
a control group of normal hearing Altaians (0.017, 4/240 chromosomes). We found significantly
(p<10−5) higher frequency of c.5254G>A in Altaian patients. To avoid probable bias due to
known presence of related individuals in the total cohort of Altaian patients, we selected only
unrelated patients (n = 74) by pedigree analysis and compared the c.5254G>A frequency in this
group (0.081, 12/148 chromosomes) with the frequency in the control sample. Again, a statisti-
cally higher c.5254G>A frequency (p = 0.0026) was observed among selected patients. This
observation supports a presumed association of mutation c.5254G>A (RAI1) with HL.

Variant c.1111C>G (p.Gly371Arg) in theOTOF gene
We found a novel mutation c.1111C>G (p.Gly371Arg) in the OTOF gene in two siblings
(54-II-2, 54-II-5) from Altaian family F54 with congenital bilateral profound sensorineural HL
(Fig 2). The OTOF, encoding the transmembrane protein otoferlin, is one of the NSHL-related
genes associated with autosomal recessive inheritance patterns of HL [3]. Segregation of homo-
zygosity for c.1111C>G with HL was confirmed by Sanger sequencing in other affected siblings
(54-II-3, 54-II-6). All tested normal hearing relatives were either wt/wt (54–1 and 54-II-1) or
heterozygous for c.1111C>G (54-I-1, 54-II-4, 54-II-7, and 54-III-1).

Sanger sequencing in other Cx26-negative patients revealed heterozygosity for c.1111C>G
in individual 24-II-2 with prelingual profound sensorineural HL from Altaian family F24,
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which was closely related to F54 (Fig 2). Analysis of the combined pedigree F24-F54 led us to
conclude that the cause of HL in patient 24-II-2 was unlikely to be associated with the presence
of a single copy of c.1111C>G: the only individual 24-II-2 out of seven detected c.1111C>G
heterozygotes (24-I-2, 24-II-2, 24-II-1, 54-I-1, 54-II-4, 54-II-7, 54-III-1,) was affected and
c.1111C>G was absent in his relatives 24–1 (with congenital profound HL) and 24-II-1 (with
moderate HL). On the other hand, all homozygotes for c.1111C>G (54-II-2, 54-II-3, 54-II-5,
54-II-6) were affected. We assume that other factors (genetic or environmental) could be
involved in HL development in individuals belonging to branch F24 of combined pedigree
F24-F54. Mutation c.1111C>G was not found among 120 normal hearing Altaians.

Variant c.2168A>G (p.His723Arg) in gene SLC26A4
Homozygous mutation c.2168A>G (p.His723Arg) in gene SLC26A4 was found in the only
patient 53-II-1 from Altaian family F53 who was tested by WES (S1 Table). Subsequent Sanger
sequencing confirmed homozygous c.2168A>G in his affected sister (53-II-2) and heterozy-
gous c.2168A>G state in their normal hearing mother (53-I-1) (Fig 2).

The SLC26A4 gene encodes pendrin, an iodide/chloride/bicarbonate transporter, expressed
in the inner ear, thyroid, kidney, salivary duct, and respiratory tract. Recessive mutations in

Fig 2. Identification of the c.1111C>G (p.Gly371Arg) mutation in theOTOF gene and the c.2168A>G (p.His723Arg) mutation in the SLC26A4 gene in
Altaian families. (A) Extended pedigree of theWES family F54 (together with related family F24) with mutation c.1111C>G (p.Gly371Arg) in theOTOF gene
denoted as M. (B) Validation of c.1111C>G by Sanger sequencing. (C) Pedigree of the WES family F53 with mutation c.2168A>G (p.His723Arg) in the
SLC26A4 gene which is denoted as M. (D) Validation of c.2168A>G by Sanger sequencing. WES was performed for affected subjects indicated by blue
codes. Black symbols represent individuals with congenital profound HL; grey symbol represents individual 24-II-1 with moderate or severe HL. wt—wild
type.

doi:10.1371/journal.pone.0153841.g002
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SLC26A4 are associated with Pendred syndrome (PDS, MIM 274600) which combines HL and
goiter, and autosomal recessive deafness with enlarged vestibular aqueduct (EVA) (DFNB4,
MIM 600791) and/or incomplete partition of the cochlea (i.e. Mondini dysplasia) [23,24]. Both
homozygous for c.2168A>G siblings (53-II-1 and 53-II-2, born in 1988 and 1989, correspond-
ingly) were affected with congenital bilateral profound sensorineural HL diagnosed by routine
otoscopic and audiological examination in 1994. Presence or absence of EVA in these patients
was not confirmed due to the unavailability of temporal bone computed tomography examina-
tion. Mutation c.2168A>G was found neither in other Cx26-negative patients nor among 120
normal hearing Altaians.

Discussion
We applied WES for identification of candidate causal variants in some Altaian families with
autosomal recessive NSHL of unknown genetic etiology and identified homozygous missense
mutations in three genes (RAI1, OTOF, and SLC26A4) associated with HL.

Our study presents the first reported case of the patients with missense mutation in the
RAI1 gene whose HL is not accompanied by specific traits (variable intellectual disability,
speech and motor delay, self-injurious and/or aggressive behavior, sleep disturbance, particular
craniofacial and skeletal abnormalities, obesity, hearing loss, hoarse voice and other less com-
mon characteristic traits) typical for Smith-Magenis syndrome (SMS). The SMS cases are
known to be associated with different deletions in chromosome 17p11.2 region, which contains
several genes including the RAI1 gene (~ 90% of cases) [14–16] and with heterozygous RAI1
mutations (~ 10% of cases) [17–22]. Haploinsufficiency of RAI1 is suggested to be responsible
for most SMS features, while other genes located in the SMS region are probably associated
with varying severity of the SMS phenotype. Different SMS mouse models have recapitulated
some common traits of SMS phenotypes including a range of variable penetrance of craniofa-
cial defects, obesity, behavioral abnormalities, circadian abnormalities [25–27]. Additionally,
the RAI1 gene is associated not only with Smith-Magenis syndrome but also with some other
neurodegenerative and neuropsychiatric disorders [28–33]. Up till now, the involvement of
RAI1 in auditory pathways is unknown.

The exact functional role of the RAI1 protein is not known though several lines of evidence
indicate that RAI1 is a potential transcription factor and may be involved in development cell
growth and cell cycle regulation, neurobehavioural and circadian rhythm pathways [17,18,34–
37]. Human RAI1 gene has been shown to be very similar to its mouse ortholog both in DNA
and protein sequences and in expression patterns [38,39]. Murine Rai1 is mainly expressed in
brain tissue though its expression was also detected in multiple organs and tissues with variable
expression levels in different subtypes of tissues and cells [38]. Recently, Fragoso et al [40] dem-
onstrated specific distribution of RAI1 protein in multiple regions of the human brain involved
in cognitive and motor functions. In these regions, RAI1 was differentially expressed in neurons
and its subcellular distribution implied both nuclear and cytoplasmic localization [40].

About 60–68% of all SMS patients (with deletions of chromosome 17p11.2 region or with
mutations in RAI1) have at least some degree of hearing impairment, which can be conductive,
sensorineural, or mixed in nature. However, the etiology of HL (environmental or genetic fac-
tors) in the SMS patients is not yet clearly established [14–16,34,41]. One exception is the case
presented by Liburd et al [42] where moderately severe high-frequency hearing loss in one of
eight SMS patients with common deletion was actually caused by missense mutation in the
MYO15A gene which is responsible for nonsyndromic autosomal recessive profound hearing
loss DFNB3 [3]. GeneMYO15A locates in the SMS region at 17p11.2 and thereby this patient
was hemizygous forMYO15A [42].
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Our current data suggest a possible association of homozygous RAI1missence mutation
detected in this study, c.5254G>A, with isolated HL in Altaian patients. This mutation was
previously found with extremely low frequency (11: 107 784 alleles, ExAC data) (Table 2). Con-
servative in many organisms (S1 and S2 Figs), this variant leads to changing nonpolar glycine
to basic polar arginine (p.Gly1752Arg) at amino acid position 1752 in the C-terminal part of
RAI1. Variant c.5254G>A has been predicted ‘possibly damaging’ by PolyPhen2 [13] and ‘del-
eterious’ by LRT [43], but other programs like SIFT [44] and Mutation Taster [45] predicted it
as benign polymorphism (Table 2). Among these tools Polyphen2 prediction has a priority as
it considers violations in protein structure associated with the variant and is currently used in
most of the NGS annotations pipelines. All detected c.5254G>A homozygotes (in total, 10
patients from 6 unrelated families) were affected by nonsyndromic HL (Fig 1). At least for 4
patients (from families F38 and F40) no other known HL-associated mutations were found by
whole exome sequencing. The possibility of another allelic mutation in RAI1 gene in four
affected c.5254G>A heterozygous individuals (from total 20 detected heterozygotes) was
excluded by sequencing the RAI1 coding region and we speculate that HL in these patients
could be caused by the other reasons (most likely environmental factors according to their
medical histories). The association implies significant variant enrichment in disease cases com-
pared to matched control and we indeed detected significantly higher frequency of c.5254G>A
in Altaian patients compared with Altaian controls. In addition, high prevalence of variant
c.5254G>A in the Altaians is probably due to founder effect in small isolated Altaian popula-
tion: the presence of only RAI1 allelemut: C-A-Q13[CAG CAA (CAG)10 del(CAG) CAA]-G-
c.5254G>A was shared by all studied carriers of c.5254G>A that supports the common origin
of c.5254G>A in Altaians.

Heterozygous RAI1mutations were found in approximately 10% of the SMS patients [17–
22]. All known mutations in RAI1 detected in SMS patients with relevant references are sum-
marized in S4 Table and S2 Fig. The majority of reported RAI1mutations are located in exon
3, which contains ~ 98% of the RAI1 gene coding sequence [39]. Hearing impairment along
with other traits of SMS is observed at least in 25% of SMS patients with RAI1mutations (see
details in S4 Table). Most of the mutations detected in SMS patients are de novo dominant non-
sense or frameshift mutations resulting in truncated protein RAI1. Functional analysis of sev-
eral truncated forms of the RAI1 protein revealed that the N-terminal half of the protein (1–
1034 aa) has transactivational activity, while the C-terminal half is responsible for its transpor-
tation into the nucleus, and both are essential for proper function of RAI1 [43,44]. No signifi-
cant differences were found in the clinical phenotype of SMS patients carrying nonsense or
frameshift RAI1mutations either in the N-terminal or the C-terminal half of the RAI1 protein
[43]. To date, only several missense mutations in RAI1 are known (S4 Table) and their deleteri-
ous mechanism is not yet clearly established. The mutated forms of RAI1 protein with mis-
sense mutations p.R1217Q (c.3650G>A), p.Q1389R (c.4166A>G), p.Q1562R (c.4685A>G)
and p.S1808N (c.5423G>A) (all are in C-terminal half of the RAI1 protein) were originally
reported to have the same transactivation activity and nucleus location as wild type RAI1
[22,46]. In a more recent investigation, Carmona-Mora et al [47] discovered that these mis-
sense mutations lead to diminishing activation driven by the BDNF enhancer when compared
to the wild type RAI1 protein. Two possible explanations were suggested: (i) the presence of
the mutant amino acids leads to impairment of direct (or indirect) DNA binding site within
the C-terminal region or (ii) the regulatory domain that is present in this part of the protein is
negatively affecting the transcription factor activity [47]. Mutation found in our study, p.
Gly1752Arg, locates in RAI1 amino acid sequence between mutations p.Q1562R (c.4685A>G)
and p.S1808N (c.5423G>A) studied by Carmona-Mora et al [47] therefore we speculate that
two aforesaid possible explanations [47] might also be applicable for p.Gly1752Arg.
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Our findings meet main genetic criteria [48] for classifying p.Gly1752Arg variant as patho-
genic rather than benign: (i) strong segregation of homozygosity for p.Gly1752Arg with reces-
sive HL in multiple affected subjects from several unrelated families; (ii) significantly higher
frequency of c.5254G>A in patients compared with ethnically matched controls. Thus, we
have provided sufficient genetic evidence for possible association of this variant with the dis-
ease [48,49]. However, only two out of four (PolyPhen2, LRT) mutation prediction tools used
in this study defined p.Gly1752Arg as possibly damaging or deleterious. Therefore, in future
studies, it would be necessary to investigate the effect of this variant on the protein structure
and function, as well as to elucidate the biological role of the RAI1 gene in the development of
HL. Although the direct involvement of this gene in HL is not yet established, there are some
promising indications to this association. RAI1 (retinoic acid induced 1) is inducible by retinoic
acid [50] and the retinoic acid signaling is known to mediate the complicated pathways of the
mammalian organ of Corti development [51–55]. We suggest that putative involvement of the
RAI1 gene in HL could be related to this mechanism. We aim to clarify these issues and prove
presumed pathogenicity of the p.Gly1752Arg variant in further experimental studies beyond
the scope of this work.

Currently, interest in study of RAI1 gene has rapidly increased due to its association not
only with Smith-Magenis syndrome but also with some other neurodegenerative and neuro-
psychiatric disorders [28–33]. In this connection, the RAI1 gene studies are generally restricted
to examinations of specific groups of patients. We believe that presumed association of the
RAI1mutation with isolated HL broadens the spectrum of clinical features associated with
RAI1mutations and will draw attention for potential involvement of this poorly studied gene
in complicated auditory pathways.

The OTOF gene, consisting of 48 exons, encodes the transmembrane protein otoferlin. Oto-
ferlin plays an important role in vesicle release at the synapse between inner hair cells and audi-
tory nerve fibers through a Ca2+-dependent interaction with surrounding proteins at the
auditory ribbon synapse [56,57]. Currently, ~ 90 mutations in OTOF (see the most complete
list in review [58]) have been reported to cause a nonsyndromic severe-to-profound prelingual
HL and autosomal recessive auditory neuropathy-1 (DFNB9, deafness, autosomal recessive 9,
AUNB1, MIM 601071) characterized by disruption of auditory nerve activity with preservation
of outer hair cell function.

Previously unreported (absent in genome databases) (Table 2) missense mutation
c.1111C>G in exon 12 of OTOF leads to substitution Gly-to-Arg at evolutionarily conserved
amino acid position 371 (p.Gly371Arg) in the region between domains C2B and C2C of OTOF
(S3 Fig). Notably, mutations c.1103_1104delinsC (p.G368AfsX2), c.1180dupG (p.E394GfsX6),
c.1194T>A (p.D398E), and c.1236delC (p.E413NfsX90) located in the same region of the
OTOF protein have been earlier reported in patients with severe-profound HL [59–61].

Variant c.1111C>G found in this study has been predicted ‘probably damaging’, ‘damag-
ing’, ‘disease_causing’ or ‘deleterious’ by PolyPhen2, SIFT, Mutation Taster, and LRT, respec-
tively (Table 2). We also found segregation of homozygosity for c.1111C>G with recessive HL
in Altaian family F54: all c.1111C>G homozygous siblings from this family were affected and
all tested normal hearing relatives were either wt/wt or heterozygous for c.1111C>G (Fig 2).
Altogether, these data support plausible association of homozygosity for c.1111C>G with
recessive HL in Altaian patients. This statement is challenged by presence of affected F24 mem-
bers from the combined pedigree F24-F54 (Fig 2) with one c.1111C>G copy (24-II-2) or with-
out c.1111C>G (24–1 and 24-II-1). Presence of other deleterious allele in compound with
c.1111C>G seems unlikely in patient 24-II-2 due to a very low probability of co-occurrence of
rare deleterious OTOF variants in extended F24-F54 family from small isolated Altaian popula-
tion. Such possibility can not be excluded without costly and labor-intensive sequencing of all
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48 exons of the OTOF gene in patient 24-II-2. Here we believe that development of HL in fam-
ily F24 is more likely explained by either untested genetic or environmental factors.

Mutations in the SLC26A4 gene are the second most frequent cause of human hereditary
HL, after mutations in the GJB2 gene, accounting for ~ 10% of all hereditary hearing
impairment cases. To date, more than 160 SLC26A4mutations have been identified (Pendred/
BOR Homepage, http://www.healthcare.uiowa.edu/labs/pendredandbor/), and the spectrum of
common SLC26A4mutations differs across populations. Mutation c.2168A>G (p.His723Arg)
found in Altaian family F53 is one of the most prevalent mutations in both recessive NSHL
and PDS families in the Asian populations [62–64].

Distribution of all alleles with mutations c.5254G>A (RAI1), c.1111C>G (OTOF), and
c.2168A>G (SLC26A4) identified in Altaian patients, their tested relatives, and heterozygous
carriers on the Altai Republic territory is presented in Fig 3. The Altai Republic, bordering
Mongolia, China, and Kazakhstan is inhabited by ~ 200,000 people including Altaians, Rus-
sians, Kazakhs and other ethnicities. The Altaians (~ 60,000), indigenous inhabitants of the
Altai region, originate from several ancient Turkic-speaking tribes [65]. Contemporary terri-
tory of the Altai Republic is subdivided into ten administrative rural districts with the bound-
aries approximately corresponding to ancestral Altaian clans’ lands. Accumulation of
c.5254G>A (RAI1) in two neighboring north-western districts probably reflects the founder
effect in the particular Altaian clan subgroups who traditionally occupied these territories.
Prevalence of c.1111C>G (OTOF) is restricted to one extended Altaian family F54-F24 living
in south-eastern district of the Altai Republic, and mutation c.2168A>G (SLC26A4) was found
in the only Altaian family F53 residing in eastern region of the Altai Republic. The geographi-
cally specific distribution of these discovered variants may imply a founder effect in the indige-
nous populations of the Altai region.

Fig 3. Prevalence of mutations c.5254G>A (RAI1), c.1111C>G (OTOF), and c.2168A>G (SLC26A4) on the territory of the Altai Republic. (A) Territorial
distribution of individuals homozygous or heterozygous for mutations denoted by fully or half-colored circle, correspondingly: c.5254G>A (RAI1)–by red;
c.1111C>G (OTOF)–by blue; c.2168A>G (SLC26A4)–by green. (B) Distribution of studied Altaian patients (n = 93) and Altaian control sample (n = 120) on
the territory of the Altai Republic.

doi:10.1371/journal.pone.0153841.g003
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Conclusions
Our data confirm the utility of whole exome sequencing (WES) for successful identification of
candidate causal variants in some Altaian families with autosomal recessive NSHL of unknown
genetic etiology. Through WES, we identified missense mutations in three genes (RAI1, OTOF,
and SLC26A4) associated with HL. Several lines of evidences support the association of homo-
zygosity for identified variants c.5254G>A (RAI1), c.1111C>G (OTOF), and c.2168A>G
(SLC26A4) with HL in Altaian patients. Local prevalence of uncovered variants implies possi-
ble founder effect in sufficient number of HL cases in indigenous population of the Altai
region. Notably, this study is the first report about patients with RAI1mutations whose HL is
not accompanied by specific traits typical for Smith-Magenis syndrome. Presumed association
of RAI1 gene variant c.5254G>A with isolated HL needs to be proved by further experimental
studies.

Supporting Information
S1 Fig. Evolutionary conservation (on nucleotide and amino acid level) for the positions of
detected variants.
(PDF)

S2 Fig. Schematic representation of the RAI1 gene with 6 exons and summarized point
mutations found in SMS patients without deletion in 17p11.2.
(PDF)

S3 Fig. Schematic structure of the otoferlin (OTOF) protein with reported mutations.
(PDF)

S1 Table. Patients with HL from four Altaian families (F38, F40, F53, F54) analyzed by
WES.
(PDF)

S2 Table. Primers for PCR / Sanger sequencing.
(PDF)

S3 Table. The RAI1 genotypes with allelic variations detected by Sanger sequencing in indi-
viduals homozygous and heterozygous for c.5254G>A.
(PDF)

S4 Table. Mutations identified in the RAI1 gene in the SMS patients without any 17p11.2
deletions (literature data) and in patients with isolated HL (this study).
(PDF)

Acknowledgments
We greatly appreciate the cooperation of all participants of this study. We are grateful to V.
Tadinova for clinical evaluations of patients and to SB RAS Genomics core facility (ICBFM SB
RAS, Novosibirsk, Russian Federation) for technical support.

Author Contributions
Conceived and designed the experiments: OLP AYC TMK AAB IVM. Performed the experi-
ments: OLP TMK AAB IVM VYMMVZ. Analyzed the data: AYC OLP TMK VYMMVZ
AAB IVM. Contributed reagents/materials/analysis tools: OLP AYC TMK AAB IVM. Wrote
the paper: OLP AYC TMK IVM AAB. Performed the bioinformatics analysis: AYC.

Hearing Loss in Altaian Families (South Siberia)

PLOS ONE | DOI:10.1371/journal.pone.0153841 April 15, 2016 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153841.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153841.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153841.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153841.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153841.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153841.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153841.s007


Contributed to and approved the final manuscript for publication: AYC TMK IVM VYM
MVZ AAB OLP.

References
1. Morton CC, NanceWE. Newborn hearing screening—a silent revolution. N Engl J Med. 2006; 354(20):

2151–2164. doi: 10.1056/NEJMra050700 PMID: 16707752

2. Smith RJH, Shearer AE, Hildebrand MS, Van Camp G. Deafness and Hereditary Hearing Loss Over-
view. In: Pagon RA, AdamMP, Ardinger HH, Wallace SE, Amemiya A, Bean LJH, Bird TD, Dolan CR,
Fong CT, Smith RJH, Stephens K, editors. GeneReviews1 [Internet]. Seattle (WA): University of
Washington, Seattle; 1993–2015. 1999 Feb 14 [updated 2014 Jan 9]. PMID: 20301607

3. Van Camp G, Smith RJH. Hereditary Hearing Loss Homepage. Available: http://hereditaryhearingloss.
org

4. Shearer AE, DeLuca AP, Hildebrand MS, Taylor KR, Gurrola J 2nd, Scherer S, et al. Comprehensive
genetic testing for hereditary hearing loss using massively parallel sequencing. Proc Natl Acad Sci U S
A. 2010; 107(49): 21104–21109. doi: 10.1073/pnas.1012989107 PMID: 21078986

5. Diaz-Horta O, Duman D, Foster J 2nd, Sırmacı A, Gonzalez M, Mahdieh N, et al. Whole-exome
sequencing efficiently detects rare mutations in autosomal recessive nonsyndromic hearing loss. PLoS
One. 2012; 7(11): e50628. doi: 10.1371/journal.pone.0050628 PMID: 23226338

6. Walsh T, Shahin H, Elkan-Miller T, Lee MK, Thornton AM, RoebW, et al. Whole exome sequencing
and homozygosity mapping identify mutation in the cell polarity protein GPSM2 as the cause of nonsyn-
dromic hearing loss DFNB82. Am J HumGenet. 2010; 87(1): 90–94. doi: 10.1016/j.ajhg.2010.05.010
PMID: 20602914

7. Girotto G, Abdulhadi K, Buniello A, Vozzi D, Licastro D, d'Eustacchio A, et al. Linkage study and exome
sequencing identify a BDP1mutation associated with hereditary hearing loss. PLoS One. 2013; 8(12):
e80323. doi: 10.1371/journal.pone.0080323

8. Kim HJ, Won HH, Park KJ, Hong SH, Ki CS, Cho SS, et al. SNP linkage analysis and whole exome
sequencing identify a novel POU4F3 mutation in autosomal dominant late-onset nonsyndromic hearing
loss (DFNA15). PLoS One. 2013; 8(11): e79063. doi: 10.1371/journal.pone.0079063

9. Woo HM, Park HJ, Baek JI, Park MH, Kim UK, Sagong B, et al. Whole-exome sequencing identifies
MYO15Amutations as a cause of autosomal recessive nonsyndromic hearing loss in Korean families.
BMCMed Genet. 2013; 14: 72. doi: 10.1186/1471-2350-14-72 PMID: 23865914

10. Posukh O, Pallares-Ruiz N, Tadinova V, Osipova L, Claustres M, Roux AF. First molecular screening
of deafness in the Altai Republic population. BMCMed Genet. 2005; 6: 12. doi: 10.1186/1471-2350-6-
12 PMID: 15790391

11. Wu TD, Nacu S. Fast and SNP-tolerant detection of complex variants and splicing in short reads. Bioin-
formatics. 2010; 26(7): 873–881. doi: 10.1093/bioinformatics/btq057 PMID: 20147302

12. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-through-
put sequencing data. Nucleic Acids Res. 2010; 38(16): e164. doi: 10.1093/nar/gkq603 PMID:
20601685

13. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, et al. A method and server
for predicting damaging missense mutations. Nat Methods. 2010; 7(4): 248–249. doi: 10.1038/
nmeth0410-248 PMID: 20354512

14. Greenberg F, Guzzetta V, Montes de Oca-Luna R, Magenis RE, Smith AC, Richter SF, et al. Molecular
analysis of the Smith-Magenis syndrome: a possible contiguous-gene syndrome associated with del
(17)(p11.2). Am J HumGenet. 1991; 49(6): 1207–1218. PMID: 1746552

15. Edelman EA, Girirajan S, Finucane B, Patel PI, Lupski JR, Smith AC, et al. Gender, genotype, and phe-
notype differences in Smith-Magenis syndrome: a meta-analysis of 105 cases. Clin Genet. 2007; 71(6):
540–550. doi: 10.1111/j.1399-0004.2007.00815.x PMID: 17539903

16. Elsea SH, Girirajan S. Smith-Magenis syndrome. Eur J HumGenet. 2008; 16(4): 412–421. doi: 10.
1038/sj.ejhg.5202009 PMID: 18231123

17. Slager RE, Newton TL, Vlangos CN, Finucane B, Elsea SH. Mutations in RAI1 associated with Smith-
Magenis syndrome. Nat Genet. 2003; 33(4): 466–468. doi: 10.1038/ng1126 PMID: 12652298

18. Bi W, Saifi GM, Shaw CJ, Walz K, Fonseca P, Wilson M, et al. Mutations of RAI1, a PHD-containing
protein, in nondeletion patients with Smith-Magenis syndrome. HumGenet. 2004; 115(6): 515–524.
doi: 10.1007/s00439-004-1187-6 PMID: 15565467

19. Girirajan S, Elsas LJ 2nd, Devriendt K, Elsea SH. RAI1 variations in Smith-Magenis syndrome patients
without 17p11.2 deletions. J Med Genet. 2005; 42(11): 820–828. doi: 10.1136/jmg.2005.031211 PMID:
15788730

Hearing Loss in Altaian Families (South Siberia)

PLOS ONE | DOI:10.1371/journal.pone.0153841 April 15, 2016 14 / 17

http://dx.doi.org/10.1056/NEJMra050700
http://www.ncbi.nlm.nih.gov/pubmed/16707752
http://www.ncbi.nlm.nih.gov/pubmed/20301607
http://hereditaryhearingloss.org
http://hereditaryhearingloss.org
http://dx.doi.org/10.1073/pnas.1012989107
http://www.ncbi.nlm.nih.gov/pubmed/21078986
http://dx.doi.org/10.1371/journal.pone.0050628
http://www.ncbi.nlm.nih.gov/pubmed/23226338
http://dx.doi.org/10.1016/j.ajhg.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20602914
http://dx.doi.org/10.1371/journal.pone.0080323
http://dx.doi.org/10.1371/journal.pone.0079063
http://dx.doi.org/10.1186/1471-2350-14-72
http://www.ncbi.nlm.nih.gov/pubmed/23865914
http://dx.doi.org/10.1186/1471-2350-6-12
http://dx.doi.org/10.1186/1471-2350-6-12
http://www.ncbi.nlm.nih.gov/pubmed/15790391
http://dx.doi.org/10.1093/bioinformatics/btq057
http://www.ncbi.nlm.nih.gov/pubmed/20147302
http://dx.doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
http://dx.doi.org/10.1038/nmeth0410-248
http://dx.doi.org/10.1038/nmeth0410-248
http://www.ncbi.nlm.nih.gov/pubmed/20354512
http://www.ncbi.nlm.nih.gov/pubmed/1746552
http://dx.doi.org/10.1111/j.1399-0004.2007.00815.x
http://www.ncbi.nlm.nih.gov/pubmed/17539903
http://dx.doi.org/10.1038/sj.ejhg.5202009
http://dx.doi.org/10.1038/sj.ejhg.5202009
http://www.ncbi.nlm.nih.gov/pubmed/18231123
http://dx.doi.org/10.1038/ng1126
http://www.ncbi.nlm.nih.gov/pubmed/12652298
http://dx.doi.org/10.1007/s00439-004-1187-6
http://www.ncbi.nlm.nih.gov/pubmed/15565467
http://dx.doi.org/10.1136/jmg.2005.031211
http://www.ncbi.nlm.nih.gov/pubmed/15788730


20. Bi W, Saifi GM, Girirajan S, Shi X, Szomju B, Firth H, et al. RAI1 point mutations, CAG repeat variation,
and SNP analysis in non-deletion Smith-Magenis syndrome. Am J Med Genet A. 2006; 140(22): 2454–
2463. doi: 10.1002/ajmg.a.31510 PMID: 17041942

21. Truong HT, Dudding T, Blanchard CL, Elsea SH. Frameshift mutation hotspot identified in Smith-
Magenis syndrome: case report and review of literature. BMCMed Genet. 2010; 11: 142. doi: 10.1186/
1471-2350-11-142 PMID: 20932317

22. Vieira GH, Rodriguez JD, Carmona-Mora P, Cao L, Gamba BF, Carvalho DR, et al. Detection of classi-
cal 17p11.2 deletions, an atypical deletion and RAI1 alterations in patients with features suggestive of
Smith-Magenis syndrome. Eur J HumGenet. 2012; 20(2): 148–154. doi: 10.1038/ejhg.2011.167 PMID:
21897445

23. Everett LA, Glaser B, Beck JC, Idol JR, Buchs A, Heyman M, et al. Pendred syndrome is caused by
mutations in a putative sulphate transporter gene (PDS). Nat Genet. 1997; 17(4): 411–422. doi: 10.
1038/ng1297-411 PMID: 9398842

24. Usami S, Abe S, Weston MD, Shinkawa H, Van Camp G, Kimberling WJ. Non-syndromic hearing loss
associated with enlarged vestibular aqueduct is caused by PDSmutations. HumGenet. 1999; 104(2):
188–192. doi: 10.1007/s004390050933 PMID: 10190331

25. Bi W, Ohyama T, Nakamura H, Yan J, Visvanathan J, Justice MJ, et al. Inactivation of Rai1 in mice
recapitulates phenotypes observed in chromosome engineered mouse models for Smith-Magenis syn-
drome. HumMol Genet. 2005; 14(8): 983–995. doi: 10.1093/hmg/ddi085 PMID: 15746153

26. Bi W, Yan J, Shi X, Yuva-Paylor LA, Antalffy BA, Goldman A, et al. Rai1 deficiency in mice causes
learning impairment and motor dysfunction, whereas Rai1 heterozygous mice display minimal behav-
ioral phenotypes. HumMol Genet. 2007; 16(15): 1802–1813. doi: 10.1093/hmg/ddm128 PMID:
17517686

27. Lacaria M, GuW, Lupski JR. Circadian abnormalities in mouse models of Smith-Magenis syndrome:
evidence for involvement of RAI1. Am J Med Genet A. 2013; 161A(7): 1561–1568. doi: 10.1002/ajmg.a.
35941 PMID: 23703963

28. Joober R, Benkelfat C, Toulouse A, Lafrenière RG, Lal S, Ajroud S, et al. Analysis of 14 CAG repeat-
containing genes in schizophrenia. Am J Med Genet. 1999; 88(6): 694–699. doi: 10.1002/(SICI)1096-
8628(19991215)88:6<694::AID-AJMG20>3.0.CO;2-I PMID: 10581491

29. Hayes S, Turecki G, Brisebois K, Lopes-Cendes I, Gaspar C, Riess O, et al. CAG repeat length in RAI1
is associated with age at onset variability in spinocerebellar ataxia type 2 (SCA2). HumMol Genet.
2000; 9(12): 1753–1758. doi: 10.1093/hmg/9.12.1753 PMID: 10915763

30. Potocki L, Bi W, Treadwell-Deering D, Carvalho CM, Eifert A, Friedman EM, et al. Characterization of
Potocki-Lupski syndrome (dup(17)(p11.2p11.2)) and delineation of a dosage-sensitive critical interval
that can convey an autism phenotype. Am J HumGenet. 2007; 80(4): 633–649. doi: 10.1086/512864
PMID: 17357070

31. van der Zwaag B, Franke L, Poot M, Hochstenbach R, Spierenburg HA, Vorstman JA, et al. Gene-net-
work analysis identifies susceptibility genes related to glycobiology in autism. PLoS One. 2009; 4(5):
e5324. doi: 10.1371/journal.pone.0005324 PMID: 19492091

32. Carmona-Mora P, Walz K. Retinoic Acid Induced 1, RAI1: A dosage sensitive gene related to neurobe-
havioral alterations including autistic behavior. Curr Genomics. 2010; 11(8): 607–617. doi: 10.2174/
138920210793360952 PMID: 21629438

33. Redin C, Gérard B, Lauer J, Herenger Y, Muller J, Quartier A, et al. Efficient strategy for the molecular
diagnosis of intellectual disability using targeted high-throughput sequencing. J Med Genet. 2014; 51
(11): 724–736. doi: 10.1136/jmedgenet-2014-102554 PMID: 25167861

34. Girirajan S, Vlangos CN, Szomju BB, Edelman E, Trevors CD, Dupuis L, et al. Genotype-phenotype
correlation in Smith-Magenis syndrome: evidence that multiple genes in 17p11.2 contribute to the clini-
cal spectrum. Genet Med. 2006; 8(7): 417–427. doi: 10.1097/01.gim.0000228215.32110.89 PMID:
16845274

35. Girirajan S, Truong HT, Blanchard CL, Elsea SH. A functional network module for Smith-Magenis syn-
drome. Clin Genet. 2009; 75(4): 364–374. doi: 10.1111/j.1399-0004.2008.01135.x PMID: 19236431

36. Elsea SH, Williams SR. Smith-Magenis syndrome: haploinsufficiency of RAI1 results in altered gene
regulation in neurological and metabolic pathways. Expert Rev Mol Med. 2011; 13: e14. doi: 10.1017/
S1462399411001827 PMID: 21545756

37. Williams SR, Zies D, Mullegama SV, Grotewiel MS, Elsea SH. Smith-Magenis syndrome results in dis-
ruption of CLOCK gene transcription and reveals an integral role for RAI1 in the maintenance of circa-
dian rhythmicity. Am J HumGenet. 2012; 90(6): 941–949. doi: 10.1016/j.ajhg.2012.04.013 PMID:
22578325

Hearing Loss in Altaian Families (South Siberia)

PLOS ONE | DOI:10.1371/journal.pone.0153841 April 15, 2016 15 / 17

http://dx.doi.org/10.1002/ajmg.a.31510
http://www.ncbi.nlm.nih.gov/pubmed/17041942
http://dx.doi.org/10.1186/1471-2350-11-142
http://dx.doi.org/10.1186/1471-2350-11-142
http://www.ncbi.nlm.nih.gov/pubmed/20932317
http://dx.doi.org/10.1038/ejhg.2011.167
http://www.ncbi.nlm.nih.gov/pubmed/21897445
http://dx.doi.org/10.1038/ng1297-411
http://dx.doi.org/10.1038/ng1297-411
http://www.ncbi.nlm.nih.gov/pubmed/9398842
http://dx.doi.org/10.1007/s004390050933
http://www.ncbi.nlm.nih.gov/pubmed/10190331
http://dx.doi.org/10.1093/hmg/ddi085
http://www.ncbi.nlm.nih.gov/pubmed/15746153
http://dx.doi.org/10.1093/hmg/ddm128
http://www.ncbi.nlm.nih.gov/pubmed/17517686
http://dx.doi.org/10.1002/ajmg.a.35941
http://dx.doi.org/10.1002/ajmg.a.35941
http://www.ncbi.nlm.nih.gov/pubmed/23703963
http://dx.doi.org/10.1002/(SICI)1096-8628(19991215)88:6&lt;694::AID-AJMG20&gt;3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1096-8628(19991215)88:6&lt;694::AID-AJMG20&gt;3.0.CO;2-I
http://www.ncbi.nlm.nih.gov/pubmed/10581491
http://dx.doi.org/10.1093/hmg/9.12.1753
http://www.ncbi.nlm.nih.gov/pubmed/10915763
http://dx.doi.org/10.1086/512864
http://www.ncbi.nlm.nih.gov/pubmed/17357070
http://dx.doi.org/10.1371/journal.pone.0005324
http://www.ncbi.nlm.nih.gov/pubmed/19492091
http://dx.doi.org/10.2174/138920210793360952
http://dx.doi.org/10.2174/138920210793360952
http://www.ncbi.nlm.nih.gov/pubmed/21629438
http://dx.doi.org/10.1136/jmedgenet-2014-102554
http://www.ncbi.nlm.nih.gov/pubmed/25167861
http://dx.doi.org/10.1097/01.gim.0000228215.32110.89
http://www.ncbi.nlm.nih.gov/pubmed/16845274
http://dx.doi.org/10.1111/j.1399-0004.2008.01135.x
http://www.ncbi.nlm.nih.gov/pubmed/19236431
http://dx.doi.org/10.1017/S1462399411001827
http://dx.doi.org/10.1017/S1462399411001827
http://www.ncbi.nlm.nih.gov/pubmed/21545756
http://dx.doi.org/10.1016/j.ajhg.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22578325


38. Imai Y, Suzuki Y, Matsui T, TohyamaM, Wanaka A, Takagi T. Cloning of a retinoic acid-induced gene,
GT1, in the embryonal carcinoma cell line P19: neuron-specific expression in the mouse brain. Brain
Res Mol Brain Res. 1995; 31(1–2): 1–9. doi: 10.1016/0169-328X(95)00020-S PMID: 7476016

39. Toulouse A, Rochefort D, Roussel J, Joober R, Rouleau GA. Molecular cloning and characterization of
human RAI1, a gene associated with schizophrenia. Genomics. 2003; 82(2): 162–171. doi: 10.1016/
S0888-7543(03)00101-0 PMID: 12837267

40. Fragoso YD, Stoney PN, Shearer KD, Sementilli A, Nanescu SE, Sementilli P, et al. Expression in the
human brain of retinoic acid induced 1, a protein associated with neurobehavioural disorders. Brain
Struct Funct. 2015; 220(2): 1195–1203. doi: 10.1007/s00429-014-0712-1

41. Di Cicco M, Padoan R, Felisati G, Dilani D, Moretti E, Guerneri S, et al. Otorhinolaringologic manifesta-
tion of Smith-Magenis syndrome. Int J Pediatr Otorhinolaryngol. 2001; 59(2): 147–50. doi: http://dx.doi.
org/10.1016/S0165-5876(01)00475-X PMID: 11378192

42. Liburd N, Ghosh M, Riazuddin S, Naz S, Khan S, Ahmed Z, et al. Novel mutations of MYO15A associ-
ated with profound deafness in consanguineous families and moderately severe hearing loss in a
patient with Smith-Magenis syndrome. HumGenet. 2001; 109(5): 535–541. doi: 10.1007/
s004390100604 PMID: 11735029

43. Chun S, Fay JC. Identification of deleterious mutations within three human genomes. Genome
Research. 2009; 19: 1553–1561. doi: 10.1101/gr.092619.109 PMID: 19602639

44. Kumar P, Henikoff S, Ng PC. Predicting the effects of coding non-synonymous variants on protein func-
tion using the SIFT algorithm. Nat Protoc. 2009; 4(7): 1073–81. doi: 10.1038/nprot.2009.86 PMID:
19561590

45. Schwarz JM, Rödelsperger C, Schuelke M, Seelow D. MutationTaster evaluates disease-causing
potential of sequence alterations. Nat Methods. 2010; 7(8): 575–6. doi: 10.1038/nmeth0810-575 PMID:
20676075

46. Carmona-Mora P, Encina CA, Canales CP, Cao L, Molina J, Kairath P, et al. Functional and cellular
characterization of human Retinoic Acid Induced 1 (RAI1) mutations associated with Smith-Magenis
Syndrome. BMCMol Biol. 2010; 11: 63. doi: 10.1186/1471-2199-11-63 PMID: 20738874

47. Carmona-Mora P, Canales CP, Cao L, Perez IC, Srivastava AK, Young JI, et al. RAI1 transcription fac-
tor activity is impaired in mutants associated with Smith-Magenis Syndrome. PLoS One. 2012; 7(9):
e45155. doi: 10.1371/journal.pone.0045155 PMID: 23028815

48. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the
interpretation of sequence variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015; 17(5):
405–24. doi: 10.1038/gim.2015.30 PMID: 25741868

49. MacArthur DG, Manolio TA, Dimmock DP, Rehm HL, Shendure J, Abecasis GR, et al. Guidelines for
investigating causality of sequence variants in human disease. Nature. 2014; 508(7497): 469–76. doi:
10.1038/nature13127 PMID: 24759409

50. Imai Y, Suzuki Y, Matsui T, TohyamaM, Wanaka A, Takagi T. Cloning of a retinoic acid-induced gene,
GT1, in the embryonal carcinoma cell line P19: neuron-specific expression in the mouse brain. Brain
Res Mol Brain Res. 1995; 31(1–2): 1–9. PMID: 7476016

51. Raz Y, Kelley MW. Retinoic acid signaling is necessary for the development of the organ of Corti. Dev
Biol. 1999; 213(1): 180–93. doi: 10.1006/dbio.1999.9364 PMID: 10452855

52. Kelley MW, Xu XM, Wagner MA, Warchol ME, Corwin JT. The developing organ of Corti contains reti-
noic acid and forms supernumerary hair cells in response to exogenous retinoic acid in culture. Devel-
opment. 1993; 119: 1041–53. PMID: 8306874

53. Ylikoski J, Pirvola U, Eriksson U. Cellular retinolbinding protein type I is prominently and differentially
expressed in the sensory epithelium of the rat cochlea and vestibular organs. J Comp Neurol. 1994;
349: 596–602. doi: 10.1002/cne.903490407 PMID: 7860790

54. Frenz DA, Liu W, Cvekl A, Xie Q, Wassef L, Quadro L, et al. Retinoid signaling in inner ear develop-
ment: A "Goldilocks" phenomenon. Am J Med Genet A. 2010; 152A(12): 2947–61. doi: 10.1002/ajmg.
a.33670 PMID: 21108385

55. Bok J, Raft S, Kong KA, Koo SK, Dräger UC, Wu DK. Transient retinoic acid signaling confers anterior-
posterior polarity to the inner ear. Proc Natl Acad Sci U S A. 2011; 108(1): 161–6. doi: 10.1073/pnas.
1010547108 PMID: 21173260

56. Yasunaga S, Grati M, Chardenoux S, Smith TN, Friedman TB, Lalwani AK, et al. OTOF encodes multi-
ple long and short isoforms: genetic evidence that the long ones underlie recessive deafness DFNB9.
Am J HumGenet. 2000; 67(3): 591–600. doi: 10.1086/303049 PMID: 10903124

57. Pangršič T, Reisinger E, Moser T. Otoferlin: a multi-C2 domain protein essential for hearing. Trends
Neurosci. 2012; 35(11): 671–680. doi: 10.1016/j.tins.2012.08.002 PMID: 22959777

Hearing Loss in Altaian Families (South Siberia)

PLOS ONE | DOI:10.1371/journal.pone.0153841 April 15, 2016 16 / 17

http://dx.doi.org/10.1016/0169-328X(95)00020-S
http://www.ncbi.nlm.nih.gov/pubmed/7476016
http://dx.doi.org/10.1016/S0888-7543(03)00101-0
http://dx.doi.org/10.1016/S0888-7543(03)00101-0
http://www.ncbi.nlm.nih.gov/pubmed/12837267
http://dx.doi.org/10.1007/s00429-014-0712-1
http://dx.doi.org/10.1016/S0165-5876(01)00475-X
http://dx.doi.org/10.1016/S0165-5876(01)00475-X
http://www.ncbi.nlm.nih.gov/pubmed/11378192
http://dx.doi.org/10.1007/s004390100604
http://dx.doi.org/10.1007/s004390100604
http://www.ncbi.nlm.nih.gov/pubmed/11735029
http://dx.doi.org/10.1101/gr.092619.109
http://www.ncbi.nlm.nih.gov/pubmed/19602639
http://dx.doi.org/10.1038/nprot.2009.86
http://www.ncbi.nlm.nih.gov/pubmed/19561590
http://dx.doi.org/10.1038/nmeth0810-575
http://www.ncbi.nlm.nih.gov/pubmed/20676075
http://dx.doi.org/10.1186/1471-2199-11-63
http://www.ncbi.nlm.nih.gov/pubmed/20738874
http://dx.doi.org/10.1371/journal.pone.0045155
http://www.ncbi.nlm.nih.gov/pubmed/23028815
http://dx.doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
http://dx.doi.org/10.1038/nature13127
http://www.ncbi.nlm.nih.gov/pubmed/24759409
http://www.ncbi.nlm.nih.gov/pubmed/7476016
http://dx.doi.org/10.1006/dbio.1999.9364
http://www.ncbi.nlm.nih.gov/pubmed/10452855
http://www.ncbi.nlm.nih.gov/pubmed/8306874
http://dx.doi.org/10.1002/cne.903490407
http://www.ncbi.nlm.nih.gov/pubmed/7860790
http://dx.doi.org/10.1002/ajmg.a.33670
http://dx.doi.org/10.1002/ajmg.a.33670
http://www.ncbi.nlm.nih.gov/pubmed/21108385
http://dx.doi.org/10.1073/pnas.1010547108
http://dx.doi.org/10.1073/pnas.1010547108
http://www.ncbi.nlm.nih.gov/pubmed/21173260
http://dx.doi.org/10.1086/303049
http://www.ncbi.nlm.nih.gov/pubmed/10903124
http://dx.doi.org/10.1016/j.tins.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22959777


58. Mahdieh N, Shirkavand A, Rabbani B, Tekin M, Akbari B, Akbari MT, et al. Screening of OTOFmuta-
tions in Iran: a novel mutation and review. Int J Pediatr Otorhinolaryngol. 2012; 76(11): 1610–1615. doi:
10.1016/j.ijporl.2012.07.030 PMID: 22906306

59. Rodríguez-Ballesteros M, Reynoso R, Olarte M, Villamar M, Morera C, Santarelli R, et al. A multicenter
study on the prevalence and spectrum of mutations in the otoferlin gene (OTOF) in subjects with non-
syndromic hearing impairment and auditory neuropathy. HumMutat. 2008; 29(6): 823–831. doi: 10.
1002/humu.20708 PMID: 18381613

60. Choi BY, Ahmed ZM, Riazuddin S, Bhinder MA, Shahzad M, Husnain T, et al. Identities and frequen-
cies of mutations of the otoferlin gene (OTOF) causing DFNB9 deafness in Pakistan. Clin Genet. 2009;
75(3): 237–243. doi: 10.1111/j.1399-0004.2008.01128.x PMID: 19250381

61. Wang DY, Wang YC, Weil D, Zhao YL, Rao SQ, Zong L, et al. Screening mutations of OTOF gene in
Chinese patients with auditory neuropathy, including a familial case of temperature-sensitive auditory
neuropathy. BMCMed Genet. 2010; 11: 79. doi: 10.1186/1471-2350-11-79 PMID: 20504331

62. Park HJ, Shaukat S, Liu XZ, Hahn SH, Naz S, Ghosh M, 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; 40(4): 242–248. doi: 10.1136/jmg.40.4.242 PMID: 12676893

63. Tsukamoto K, Suzuki H, Harada D, Namba A, Abe S, Usami S. 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 J HumGenet. 2003; 11(12):
916–922. doi: 10.1038/sj.ejhg.5201073 PMID: 14508505

64. DuW, Guo Y, Wang C, Wang Y, Liu X. A systematic review and meta-analysis of commonmutations of
SLC26A4 gene in Asian populations. Int J Pediatr Otorhinolaryngol. 2013; 77(10): 1670–1676. doi: 10.
1016/j.ijporl.2013.07.023 PMID: 23958391

65. Potapov L. [Ethnical structure and origin of Altaians]. Leningrad: Nauka; 1969. Russian.

Hearing Loss in Altaian Families (South Siberia)

PLOS ONE | DOI:10.1371/journal.pone.0153841 April 15, 2016 17 / 17

http://dx.doi.org/10.1016/j.ijporl.2012.07.030
http://www.ncbi.nlm.nih.gov/pubmed/22906306
http://dx.doi.org/10.1002/humu.20708
http://dx.doi.org/10.1002/humu.20708
http://www.ncbi.nlm.nih.gov/pubmed/18381613
http://dx.doi.org/10.1111/j.1399-0004.2008.01128.x
http://www.ncbi.nlm.nih.gov/pubmed/19250381
http://dx.doi.org/10.1186/1471-2350-11-79
http://www.ncbi.nlm.nih.gov/pubmed/20504331
http://dx.doi.org/10.1136/jmg.40.4.242
http://www.ncbi.nlm.nih.gov/pubmed/12676893
http://dx.doi.org/10.1038/sj.ejhg.5201073
http://www.ncbi.nlm.nih.gov/pubmed/14508505
http://dx.doi.org/10.1016/j.ijporl.2013.07.023
http://dx.doi.org/10.1016/j.ijporl.2013.07.023
http://www.ncbi.nlm.nih.gov/pubmed/23958391

