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Introduction: Mutations in PDS (or SLC26A4) cause both Pendred syndrome (PS) and DFNB4, two autoso-
mal recessive disorders that share hearing loss as a common feature. PS and DFNB4 are genetically homo-
geneous disorders caused by bi-allelic SLC26A4 mutations. Here, we report a novel synonymous mutation
(c.1803G>A, p.Lys601Lys), that caused aberrant splicing in two Korean family members who were clini-
cally considered to have DFNB4, along with congenital hearing loss and dilated vestibular aqueducts
(DVA).

Methods: After extracting DNA from whole blood using standard procedures, the 21 exons and flanking
introns of SLC26A4 were amplified with PCR. To evaluate the implication of a novel synonymous mutation
(c.1803G>A), we used The Berkeley Drosophila Genome Project (BDGP) (http://www.fruitfly.org/) as a
splice site prediction program and performed exon trapping analysis.

Results: In molecular analysis of the 21 exons of SCL26A4, we detected a known splicing mutation (c.919-
2A>G, heterozygote) and a novel variant (c.1803G>A, heterozygote) in the patients (II-1 and II-2). Accord-
ing to in silico analysis, the novel variant (c.1803G>A) affects canonical splice donor nucleotide position-
ing. To define the transcript level effects of this novel 1803G>A variant, we performed exon trapping and
confirmed that exon 16 is completely skipped in this variant type.

Conclusion: We report a novel synonymous mutation (c.1803G>A) causing complete exon 16 skipping in
the SLC26A4 gene in two Korean family members with hearing loss. This is the first case of a synonymous
SNP (¢.1803G>A) affecting vestibulocochlear organs through altering splicing accuracy by causing a com-
plete skipping of exon 16. An important issue raised by this study is that synonymous mutations that
have been previously ignored in clinical diagnoses must now be considered as potential pathogenic
mutations.
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1. Introduction [MIM 274600]) or non-syndromic hearing loss (DFNB4, [MIM

600791]), which originally was thought to be a distinct entity from

SLC26A4 (originally called PDS), a causative gene for Pendred
syndrome, was identified in 1997 and consists of 21 exons and is
located on chromosome 7 [1]. The pendrin is a member of the an-
ion transporter family SLC26, and permits the exchange of anions
between the cytosol and extracellular space. SLC26A4 mutations,
in an autosomal recessive manner, cause Pendred syndrome (PS,
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PS because of the absence of an enlarged thyroid [2-4]. Further-
more, mutations of SLC26A4 are associated with malformations of
the inner ear such as an enlarged vestibular aqueduct (EVA) and
mondini malformations [5]. These abnormalities are detected
using computed tomography or nuclear magnetic resonance of
the temporal bones [4,6]. Published reports have made an effort
to support a correlation between the type of SLC26A4 mutation
and the specific thyroid phenotype (PS versus DFNB4), but details
are still uncertain [6]. Seventy to eighty-five percent of the mode
of inheritance of neurosensory hearing impairment is in an autoso-
mal recessive pattern [7,8]. Bi-allelic mutations of SLC26A4 are de-
tected at various proportions in Korea (5.4-81%), depending on the
reports [8,9]. To date, more than 170 mutations within the pendrin
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gene have been identified (http://www.healthcare.uiowa.edu/labs/
pendredandbor/slcMutations.htm, accessed on Sep 24, 2012) and
about 13% of the total mutations of the SLC26A4 gene affect splicing
sites [10]. The pathological effects of synonymous nucleotide
changes, affecting various organ systems, have been discussed in
almost 50 diseases [11]. However, synonymous mutations affect-
ing vestibulocochlear organs have not been reported. Here, we re-
port a novel synonymous mutation in the SLC26A4 gene that leads
to alternative splicing on the SLC26A4 gene.

2. Materials and methods
2.1. Subjects and audiometric evaluation

Aboy (5yold, II-1) and a girl (4 y old, 1I-2) (Fig. 1A) in a Korean
family visited the Department of Otorhinolaryngology to evaluate
hearing impairment in 2004 and 2005, respectively. Pure tone
audiometry (PTA) tests were performed in both patients. The PTA
test was performed in a sound-controlled room at frequencies
ranging from 250 to 8000 Hz and the level of hearing loss was clas-
sified according to previously described methods [12,13]. These
two probands with prelingual hearing loss and bilateral dilated
vestibular aqueducts (DVAs) on magnetic resonance imaging
(MRI) were diagnosed with NSHL. Patients II-1 and II-2 had bilat-
eral severe to profound hearing impairment, and received cochlear
implantations at ages 5 (II-1) and 4 (II-2). Mutations of the pendrin
gene can lead to deafness that is usually severe to profound with
an early onset, however, hearing impairments occasionally occur
after head trauma in patients with SCL26A4 mutations [14]. The
hearing impairment level of patient II-1 was aggravated after head

trauma when he was 11 y old. The parents of the two siblings have
not shown any hearing impairment and/or symptoms of Pendred
syndrome or DFNB4. We could not perform any genetic analysis
for the parents due to their refusal. Written informed consent
was obtained from the participants before blood sampling for
molecular analysis.

2.2. Mutation analysis

Peripheral blood samples from II-1 and II-2 were obtained and
genomic DNA was extracted using a QIAamp DNA extraction kit
(Qiagen, Hilden, Germany), according to the manufacturer’s proto-
col. All the 21 exons and adjacent intron sequences of SLC26A4
were amplified by polymerase chain reaction (PCR) and sequenced
as described [8]. Sequences were compared with the database se-
quence in GenBank (http://www.ncbi.nlm.nih.gov) assessed June,
2012. The GenBank accession number for SLC26A4 is NM_000441.

2.3. Exon trapping analysis

The Berkeley Drosophila Genome Project (BDGP) (http://
www.fruitfly.org/) [15] was used as a splice site prediction pro-
gram to analyze the novel variant. For the in vitro splicing assay,
approximately 300 bp of the 5'- and 3’-intronic flanking regions,
including SLC26A4 exon 16, with normal or splicing mutant
(c.1803G>A) alleles from the genomic DNA of patientll-2 were
amplified. PCR products were inserted between exons A and B in
the pSPL3 and the pSPL3b splicing vectors [16,17]. These hybrid
minigenes were transfected into Hela cells using FUGENE HD
Transfection Reagent (Roche Diagnostics GmbH, Mannheim, Ger-
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Fig. 1. Clinical findings of the patients with non-syndromic hearing loss. (A) Pedigree and genotypes of the family is shown. Filled symbols represent affected individuals.
IVS7-2A>G (c.919-2A>G) and c.1803G>A, present in two family members II-1 and II-2 simultaneously, are indicated with black arrows. (B) Pure tone audiograms of the

affected members (II-1 and II-2) are shown.
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many), and then the transfected cells were harvested after 24 h.
RNA isolation of the cultured cells was done with an RNeasy Mini
Kit (Qiagen, Hilden, Germany). Synthesis of the complimentary
DNA (cDNA) was carried out using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA). PCR
amplification and sequencing on cDNA was performed using SD6
(5'-TCTGAGTCACCTGGACAAC-3’) and SA2 (5'-ATCTCAGTGGTA
TTTGTGAG-3') primers [17,18]. The fragment sizes of the normal
and mutant PCR products were detected on 2% agarose gels. Puri-
fied PCR products obtained using a QIAquick Gel Extraction Kit
(Qiagen, Diisseldorf, Germany) were used for sequencing with a
Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied
Biosystems, Foster City, CA, USA). The sequences were analyzed
using an ABI 3500dx system (Applied Biosystems).

3. Results

In the molecular analysis of the 21 exons on SCL26A4, we de-
tected a known splicing mutation (c.919-2A>G, heterozygote)
and a novel variant (c.1803G>A, heterozygote) in the patients (II-
1 and II-2) (Fig. 1A and B). We considered this a novel synonymous
single nucleotide change (sSNP) from G to A at position 1803 in
mono-allele, which had the potential to alter the splicing site and
pendrin production. According to in silico analysis with prediction
programs, the novel variant (c.1803G>A) affected the canonical
splice donor nucleotide position. To investigate the RNA splicing
pattern of a novel 1803G>A variant, wild type and variant type
RNA were extracted from HeLa cells that had been transfected with
the pSPL3 splicing vectors (Fig. 2A). The PCR product of wild type
showed a band size of 359 bps size to be expected of a normal tran-
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script, but the variant type revealed a complete skipping of exon16
by alternative transcripts and showed 96 bps shorter product
(263 bps) than the normal transcript product (359 bps) on agarose
gel electrophoresis (Fig. 2B). We confirmed that the entirety of
exon 16 was skipped in the variant type using sequence analysis,
and exon B sequence was observed by a series of exon A sequence
in the variant type sequence analysis (Fig. 2C).

4. Discussion

IVS7-2A>G (c.919-2A>G) is well known to be a mutation that
causes PS/DFNB4 with temporal bone abnormalities [19]. IVS7-
2A>G, along with H723R, is one of the most commonly found
mutations among Korean sensorineural hearing loss patients
[20]. However, IVS7-2A>G on one allele is not enough to cause
the PS/DFNB4 phenotypes seen in our subjects (II-1and II-2), who
had severe to profound hearing impairment and bilateral EVA. A
novel synonymous SNP (¢.1803G>A) of unknown significance
may be affecting our subjects. Owing to the dogma that the struc-
ture of proteins is determined by amino acid sequence changes,
synonymous SNPs were usually referred to as ‘silent’ [21]. Over
the past decade, however, considerable evidence has accumulated
to show the mechanistic and conceptual framework of synony-
mous SNPs in human disease. Around up to 10% of human genes
contain at least one region in which synonymous mutations could
be deleterious or disease-associated [22,23]. Synonymous SNPs can
lead to changes in the phenotype by affecting the rate of transla-
tion, mRNA stability, protein folding, and splicing accuracy
[11,24,25]. Some reasonable cases of functional synonymous SNPs
have been reported; a synonymous SNP (C3435T) in exon 26 of the
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Fig. 2. Exon trapping analysis of SCL26A4 exon 16 in transfected HeLa cells. (A) Construction of the pSPL3-hybrid minigenes that harbored exon 16 and flanking intronic
sequences from wild type or variant types (c.1803G>A) of SCL26A4 gene. (B) The isolated RNA of transfected cells was amplified by RT-PCR analysis. The different splicing
product for wild type (WT lane, 359 bps) and variant type (MT lane, 263 bps) are shown on a 2% agarose gel electrophoresis and represented graphically. (C) Partial DNA
sequences of the SCL26A4 gene showing the complete skipping of exon 16 in the variant type.
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Multidrug Resistance 1 (MDR1) gene altered the levels of cell surface
P- glycoprotein activity by affecting co-translational folding [26]
and synonymous SNPs (C/T; rs4633, C/G; rs4818) in the catechol-
O-methyltransferase (COMT) gene affected pain sensitivity by
changing mRNA stability [11]. Synonymous mutations that af-
fected splicing accuracy have also been presented in reports from
Italian patient with cystic fibrosis and patients with combined defi-
ciency of factor V and factor VIII [25,27,28]. Now, synonymous
changes have been discussed in almost 50 diseases and in most or-
gan systems in humans [11]. However, a synonymous SNP related
to hearing impairment and affecting vestibulocochlear organs has
not yet been reported. This study presents the first case of a synon-
ymous SNP (¢.1803G>A) that has a phenotype of hearing impair-
ment by affecting splicing accuracy. This novel SNP occurred at
the terminal nucleotide of exon 16 and lead to a transcript with
exon 16 skipped. The phenomenon of exon skipping corresponds
to previous reports, for example, last nucleotide changes of exon
8 in the ATM gene and exon 11 in the TAT gene showing skipped
exons 8 and 11, respectively [29,30]. We could not find any infor-
mation about ¢.1803G>A from studies that reported novel muta-
tions in exon 16 and performed sequencing analysis with 184
non-affected controls for exon 16 on SCL26A4 gene [4,31].

In summary, we confirmed a novel synonymous mutation in the
SLC26A4 gene in a Korean family with severe to profound sensori-
neural hearing. This is the first case of a synonymous SNP
(c.1803G>A) affecting vestibulocochlear organs by altering splicing
accuracy and causing a complete skipping of exon 16. We must
consider novel synonymous SNPs as potentially pathogenic muta-
tions, where before they have often been ignored as silent
mutations.

Acknowledgment

This work was supported by the National Research Foundation
of Korea (NRF) Grant funded by the Korea government (MEST) (No.
2011-0028066).

References

[1] L.A. Everett, B. Glaser, J.C. Beck, J.R. Idol, A. Buchs, M. Heyman, F. Adawi, E.
Hazani, E. Nassir, A.D. Baxevanis, V.C. Sheffield, E.D. Green, Pendred syndrome
is caused by mutations in a putative sulphate transporter gene (PDS), Nat.
Genet. 17 (1997) 411-422.

[2] E.P. Cremers, Genetic causes of hearing loss, Curr. Opin. Neurol. 11 (1998) 11-
16.

[3] A.Bizhanova, P. Kopp, Genetics and phenomics of Pendred syndrome, Mol. Cell.
Endocrinol. 322 (2010) 83-90.

[4] C. Campbell, R.A. Cucci, S. Prasad, G.E. Green, J.B. Edeal, C.E. Galer, L.P. Karniski,
V.C. Sheffield, RJ. Smith, Pendred syndrome, DFNB4, and PDS/SLC26A4
identification of eight novel mutations and possible genotype-phenotype
correlations, Hum. Mutat. 17 (2001) 403-411.

[5] S. Dossena, S. Rodighiero, V. Vezzoli, C. Nofziger, E. Salvioni, M. Boccazzi, E.
Grabmayer, G. Botta, G. Meyer, L. Fugazzola, P. Beck-Peccoz, M. Paulmichl,
Functional characterization of wild-type and mutated pendrin (SLC26A4), the
anion transporter involved in Pendred syndrome, J. Mol. Endocrinol. 43 (2009)
93-103.

[6] T.Ito, B.Y. Choi, K.A. King, C.K. Zalewski, ]. Muskett, P. Chattaraj, T. Shawker, J.C.
Reynolds, J.A. Butman, C.C. Brewer, P. Wangemann, S.L. Alper, AJ. Griffith,
SLC26A4 genotypes and phenotypes associated with enlargement of the
vestibular aqueduct, Cell. Physiol. Biochem. 28 (2011) 545-552.

[7] S. Kupka, S. Braun, S. Aberle, B. Haack, M. Ebauer, U. Zeissler, H.P. Zenner, N.
Blin, M. Pfister, Frequencies of GJB2 mutations in German control individuals
and patients showing sporadic non-syndromic hearing impairment, Hum.
Mutat. 20 (2002) 77-78.

[8] H.J. Park, S. Shaukat, X.Z. Liu, S.H. Hahn, S. Naz, M. Ghosh, H.N. Kim, S.K. Moon,
S. Abe, K. Tukamoto, S. Riazuddin, M. Kabra, R. Erdenetungalag, ]. Radnaabazar,

S. Khan, A. Pandya, S.I. Usami, W.E. Nance, E.R. Wilcox, AJ. Griffith, Origins and

frequencies of SLC26A4 (PDS) mutations in east and south Asians: global

implications for the epidemiology of deafness, J. Med. Genet. 40 (2003) 242-

248.

H.J. Park, S.J. Lee, H.S. Jin, ].O. Lee, S.H. Go, H.S. Jang, S.K. Moon, S.C. Lee, Y.M.

Chun, H.K. Lee, J.Y. Choi, S.C. Jung, AJ. Griffith, S.K. Koo, Genetic basis of hearing

loss associated with enlarged vestibular aqueducts in Koreans, Clin. Genet. 67

(2005) 160-165.

[10] S. Dossena, C. Nofziger, G. Tamma, E. Bernardinelli, S. Vanoni, C. Nowak, E.
Grabmayer, S. Kossler, S. Stephan, W. Patsch, M. Paulmichl, Molecular and
functional characterization of human pendrin and its allelic variants, Cell.
Physiol. Biochem. 28 (2011) 451-466.

[11] A.G. Nackley, S.A. Shabalina, LE. Tchivileva, K. Satterfield, O. Korchynskyi, S.S.
Makarov, W. Maixner, L. Diatchenko, Human catechol-O-methyltransferase
haplotypes modulate protein expression by altering mRNA secondary
structure, Science 314 (2006) 1930-1933.

[12] K.Y. Lee, S.Y. Choi, ].W. Bae, S. Kim, KW. Chung, D. Drayna, U.K. Kim, S.H. Lee,
Molecular analysis of the GJB2, GJB6 and SLC26A4 genes in Korean deafness
patients, Int. J. Pediatr. Otorhinolaryngol. 72 (2008) 1301-1309.

[13] B. Sagong, R. Park, Y.H. Kim, K.Y. Lee, ].I. Baek, H.J. Cho, 1.J. Cho, U.K. Kim, S.H.
Lee, Two novel missense mutations in the TECTA gene in Korean families with
autosomal dominant nonsyndromic hearing loss, Ann. Clin. Lab. Sci. 40 (2010)
380-385.

[14] LB. Colvin, T. Beale, K. Harrop-Griffiths, Long-term follow-up of hearing loss in
children and young adults with enlarged vestibular aqueducts: relationship to
radiologic findings and Pendred syndrome diagnosis, Laryngoscope 116 (2006)
2027-2036.

[15] M.G. Reese, F.H. Eeckman, D. Kulp, D. Haussler, Improved splice site detection
in genie, J. Comput. Biol. 4 (1997) 311-323.

[16] T.A. Cooper, Use of minigene systems to dissect alternative splicing elements,
Methods 37 (2005) 331-340.

[17] B. Schneider, A. Koppius, R. Sedlmeier, Use of an exon-trapping vector for the
evaluation of splice-site mutations, Mamm. Genome 18 (2007) 670-676.

[18] B. Sagong, H.J. Park, KY. Lee, UK. Kim, Identification and functional
characterization of novel compound heterozygotic mutations in the TECTA
gene, Gene 492 (2012) 239-243.

[19] ]J. Yang, C.C. Tsai, H.M. Hsu, J.Y. Shiao, C.C. Su, S.Y. Li, Hearing loss associated
with enlarged vestibular aqueduct and Mondini dysplasia is caused by splice-
site mutation in the PDS gene, Hear. Res. 199 (2005) 22-30.

[20] J.W. Shin, S.C. Lee, H.K. Lee, H.J. Park, Genetic screening of GJB2 and SLC26A4 in
Korean cochlear implantees: experience of soree ear clinic, Clin. Exp.
Otorhinolaryngol. 5 (Suppl 1) (2012) S10-S13.

[21] C.B. Anfinsen, Principles that govern the folding of protein chains, Science 181
(1973) 223-230.

[22] P. Schattner, M. Diekhans, Regions of extreme synonymous codon selection in
mammalian genes, Nucleic Acids Res. 34 (2006) 1700-1710.

[23] J.V. Chamary, L.D. Hurst, The price of silent mutations, Sci. Am. 300 (2009) 46—
53.

[24] L. Cartegni, S.L. Chew, A.R. Krainer, Listening to silence and understanding
nonsense: exonic mutations that affect splicing, Nat. Rev. Genet. 3 (2002) 285-
298.

[25] Z.E. Sauna, C. Kimchi-Sarfaty, Understanding the contribution of synonymous
mutations to human disease, Nat. Rev. Genet. 12 (2011) 683-691.

[26] C. Kimchi-Sarfaty, .M. Oh, LW. Kim, Z.E. Sauna, A.M. Calcagno, S.V. Ambudkar,
M.M. Gottesman, A “silent” polymorphism in the MDR1 gene changes
substrate specificity, Science 315 (2007) 525-528.

[27] M. Zhu, V. Das, C. Zheng, S. Majumdar, B. Zhang, A synonymous mutation in
LMANT creates an ectopic splice donor site and causes combined deficiency of
FV and FVII], J. Thromb. Haemost. 10 (2012) 2407-2409.

[28] V. Faa, A. Coiana, F. Incani, L. Costantino, A. Cao, M.C. Rosatelli, A synonymous
mutation in the CFTR gene causes aberrant splicing in an italian patient
affected by a mild form of cystic fibrosis, J. Mol. Diagn. 12 (2010) 380-383.

[29] G. Maydan, B.S. Andresen, P.P. Madsen, M. Zeigler, A. Raas-Rothschild, A.
Zlotogorski, A. Gutman, S.H. Korman, TAT gene mutation analysis in three
Palestinian  kindreds with oculocutaneous tyrosinaemia type II;
characterization of a silent exonic transversion that causes complete
missplicing by exon 11 skipping, ]. Inherit. Metab. Dis. 29 (2006) 620-626.

[30] K. Laake, L. Jansen, ].M. Hahnemann, K. Brondum-Nielsen, T. Lonnqvist, H.
Kaariainen, R. Sankila, A. Lahdesmaki, L. Hammarstrom, J. Yuen, S. Tretli, A.
Heiberg, J.H. Olsen, M. Tucker, R. Kleinerman, A.L. Borresen-Dale,
Characterization of ATM mutations in 41 Nordic families with ataxia
telangiectasia, Hum. Mutat. 16 (2000) 232-246.

[31] QJ. Wang, Y.L. Zhao, S.Q. Rao, Y.F. Guo, H. Yuan, L. Zong, J. Guan, B.C. Xu, D.Y.
Wang, M.K. Han, L. Lan, S.Q. Zhai, Y. Shen, A distinct spectrum of SLC26A4
mutations in patients with enlarged vestibular aqueduct in China, Clin. Genet.
72 (2007) 245-254.

[9



	A novel synonymous mutation causing complete skipping of exon 16 in the SLC26A4 gene in a Korean family with hearing loss
	1 Introduction
	2 Materials and methods
	2.1 Subjects and audiometric evaluation
	2.2 Mutation analysis
	2.3 Exon trapping analysis

	3 Results
	4 Discussion
	Acknowledgment
	References


