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<ABSTRACT> 

 Correlation between genotype and phenotype in patients  

with bi-allelic SLC26A4 mutations 

 

Shin Joong Wook 

 

Department of Medicine or Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Choi Jae Young) 
 

Mutation of SLC26A4 is the most common cause of prelingual hearing loss in East 

Asia. Patients with SLC26A4 mutations have variable phenotypes ranging from 

non-syndromic hearing loss to Pendred syndrome. Here, we analyzed the 

correlation between genotype and various inner ear phenotypes and found a 

possible underlying mechanism. This study included 111 patients with bi-allelic 

SLC26A4 mutations who had bilateral enlarged vestibular aqueduct and hearing 

loss. p.H723R (61%), c.919-2A>G (24%), and p.T410M (4%) were the most 

common mutations in Korean patients with enlarged vestibular aqueducts. 

Residual hearing in patients with c.919-2A>G or p.T410M mutations was better 

than that of patients with p.H723R homozygous mutations. Interestingly, 

quantitative polymerase chain reaction showed normal pendrin transcript (6-17% 

of normal levels) was produced from patients with c.919-2A>G homozygous 

mutations. Surface expression ratio of pendrin and residual anion exchange 

activity were higher in cells transfected with p.T410M in comparison to cells 

transfected with p.H723R. These results suggest that there is a correlation between 

degree of residual hearing and the SLC26A4 genotype commonly found in the 

East Asian population. In case of some specific mutants such as c.919-2A>G or 

p.T410M, pharmacological interventions to sustain residual pendrin activity may 

allow patients to have better hearing ability. 

----------------------------------------------------------------------------------------------- 

Keywords : Anion exchanger, Mondini dysplasia, RNA splicing, Pendred syndrome 
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I. INTRODUCTION 

Pendrin is encoded by SLC26A4 and acts as an anion exchanger in various tissues. 

Mutations in SLC26A4 cause Pendred syndrome [MIM 274600] and non-syndromic 

recessive deafness with enlarged vestibular aqueduct (EVA, DFNB4 [MIM 

600791]), which is the most common cause of pre-lingual hearing loss in East Asia, 

including Korea (1-6). Patients with SLC26A4 mutations exhibit diverse phenotypes. 

Most patients with SLC26A4 mutations have significant residual hearing and show 

variability in the degree and progression of hearing loss. However, the 

pathophysiological mechanism underlying hearing loss and phenotypic variability 

in these patients remains unclear. 

Mutations in genes encoding ion transporters have been demonstrated to result in 

variable phenotypes according to genetic background. For instance, a wide range of 

disease severity is observed in patients with cystic fibrosis, which is caused by a 

genetic defect in the Cl
-
 channel, cystic fibrosis transmembrane conductance 

regulator (CFTR). Disease severity depends on the genotype, because residual anion 

channel activity at the plasma membrane varies between CFTR mutations (7). 

Similarly, efforts have been made to identify potential genotype-phenotype 

correlations in patients with SLC26A4 mutations. Pryor et al. (8) reported that 

Pendred syndrome was more strongly associated with the presence of two mutant 

alleles of SLC26A4 than non-syndromic EVA. The anion transport activities of 
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mutant forms of pendrin resulting from the SLC26A4 mutations detected in patients 

with Pendred syndrome were decreased more than those identified in patients with 

non-syndromic EVA (9). In contrast, other studies failed to demonstrate a significant 

relationship between the number of mutant SLC26A4 alleles and severity of the 

radiological phenotype (10, 11). 

Previous studies reported that the residual ion transport activity and localization of 

pendrin differ according to genotype (12-15). Therefore, we hypothesize that the 

phenotypes of patients with SLC26A4 mutations differ according to the specific 

genotype. However, due to the limited number of patients, correlations between 

specific genotypes and phenotypes in patients with SLC26A4 mutations have not 

been reported.  

In this study, we recruited a relatively large number of patients with the same type 

of SLC26A4 mutations from two hearing rehabilitation centers in Korea. The 

purpose of our study was to identify and characterize the potential correlations 

between SLC26A4 genotype and phenotype and to elucidate the possible underlying 

mechanism. 
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II. MATERIALS AND METHODS 

 

Subjects 

The study cohort consisted of 111 patients (55 males) from 100 unrelated families 

with bi-allelic SLC26A4 mutations. Their ages ranged from 1 year old to 43 years 

old (median age: 13.2 years). All patients had bilateral hearing loss and were 

referred to the Soree Ear Clinic (Center 1) or Severance Hospital (Center 2) for 

hearing rehabilitation between 2005 and 2012. Temporal bone computed tomogram 

(TBCT) showed EVA in all patients. EVA was defined as greater than 1.5 mm at the 

midpoint between the operculum and the common crus. This study was approved by 

the local ethical committees of Yonsei University (4-2009-0193).   

 

Detection of patients with bi-allelic SLC26A4 mutation 

Five hot-spot regions of SLC26A4 were screened for mutations (p.H723R, 

c.919-2A>G, p.T410M, p.L676Q, and p.T721M) in patients with bilateral EVA at 

the first center (Soree Ear Clinic; n = 83). Initial mutational analyses for exon 8, 

intron 7, and exon 19 of SLC26A4 were performed in patients with bilateral EVA 

and all other exons and adjacent intronic regions were sequenced for patients with 

one or no allelic SLC26A4 mutations at the second center (Severance Hospital). We 

detected 111 patients with bi-allelic SLC26A4 mutation at the two centers (Fig. 1a).  

Written informed consent was obtained from all subjects or their parents prior to 

blood or tissue sampling and genetic testing.  
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Figure 1. Detection of patients with bi-allelic SLC26A4 mutations. (a) Five hot-spot 

areas (p.H723R, c.919-2A>G, p.T410M, p.L676Q, and p.T721M) or the whole 

exon of SLC26A4 were sequenced in patients with bilateral enlarged vestibular 

aqueduct (EVA). Bi-allelic SLC26A4 mutations were detected in 111 patents. (b) 

Distribution of genotypes in 100 unrelated families with bi-allelic SLC26A4 

mutations. 

 

Genetic analysis of patients 

DNA was extracted from EDTA whole blood with an Easy-DNA
TM

 Kit (Invitrogen 

Corporation, Carlsbad, CA, USA). The concentration and quality of genomic DNA 

was evaluated on a Nanodrop (ND-1000, Thermo Scientific, Wilmington, DE, 

USA). Primers were designed to amplify 20 exons and flanking introns of SLC26A4. 

Primer sequences are listed in Table 1. Polymerase chain reaction (PCR) was 

performed on 100 ng genomic DNA with AccuPower
TM

 Premix (Bioneer Co, 

Daejeon, Korea) under the following amplification conditions: 94°C for 3 min 

followed by 50 cycles of 94°C for 1 min, 62°C for 10 sec, and 72°C for 15 sec, and 

final extension at 72°C for 15 min. PCR products were purified with a QIAquick 

Gel Extraction Kit (Qiagen, Düsseldorf, Germany). PCR products were directly 

sequenced by a cycle method with the same primers used for PCR and a Big Dye 

Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, 

CA, USA). The following conditions were used: 96°C for 5 min followed by 24 

cycles of 96°C for 10 sec, 50°C for 5 sec, and 60°C for 4 min, and final extension at 

72°C for 5 min in conjunction with an ABI Prism 3500 Dx automated genetic 

analyzer (Applied Biosystems).  



 

Table 1. Primers used for the amplification and sequencing of SLC26A4gene 

 

Primers Sequence (5 to 3’) 

Exon 2 F/R TTTCTGTTCCTCGCTCTTCC/ TAGAACCCACTCTCCCCAAA 

Exon 3 F/R GGCAAAAGCATGGTAAGCAC/ AGGGTAAGCAACCATCTGTCA 

Exon 4 F/R CTGAATGCATATTGCTTTTGC/ ATCCCATTTCCCTGACAACA 

Exon 5 F/R CAAAGTGCTGCGGTTACAGA/ AATTTTGGGTTCCAGGAAAT 

Exon 6 F/R AGGTTTCTATCTCAGGCAAACA/ AACTCCTGGGCTCAAGCAAT 

Exon 7 F/R TTTGAGTGTTGTTTGATGCTGA/ TGTTTGTCAACCAAATAATGCTG 

Exon 8 F/R TTCACTGCTGGATTGCTCAC/ GAAGGAGTATCAGTGAAATGAAGC 

Exon 9 F/R GCTTTTTGTTCTTTTGGATCAAG/ AACCCAATAAGGTCTGGTGAA 

Exon 10 F/R GGACCACCACGCAGAGTAG/ GGTGAGGGAGTGGAACAAGA 

Exon 11-12 F/R CATACACACATCCAGTGAGCTG/ CCAAAGCACAAGTGAGACTT 

Exon 13 F/R AGCCTGGGCAATAGAGTGTG/ TCTGAATTTCTCTTTTCTCACCTG 

Exon 14 F/R TCATCTGCAATAAAGACAGAGTCC/ TAGGCATTTTCTCCCTTTG 

Exon 15 F/R CGCAACAGAGTGAAACTCCA/ TTGCCCTACACAAAGGGAAG 

Exon 16 F/R TTTTTGGCAGGATAGCTCAA/ ACTGTTCATGGTGGGGAAAA 

Exon 17 F/R TTTTCTTCCTAGACAACATCAAAGT/ CATGTATTTGCCCTGTTGC 

Exon 18 F/R TCCATGGTTTTGCAATAATAACC/ GGAATGAAGCAGTGCCAGAT 

Exon 19 F/R AGTGAGCAATGATGCCACTG/ TGAGGCTCCATGAAGTTATATAGG 

Exon 20 F/R TCACCTTTCAATGTGCAAAAA/ TGCATTTGGGGGAATTATGT 

Exon 21 F/R TTTTTACCCTATTTCTATTGTGATGA/ TGCTTCTCTTTCAATGGCTTA 
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Audiologic and Radiologic evaluation 

We obtained audiometric data from 106 patients (212 ears). Pure-tone air (250 – 

8,000 Hz) and bone conduction (250 – 4,000 Hz) thresholds were measured 

with clinical audiometers in a double-walled audio booth. The degree of hearing 

loss was determined by averaging the thresholds at 250, 500, 1000, and 2000 

Hz of air conduction.  The hearing thresholds in children younger than 3 years 

old who could not cooperate well were measured by auditory brainstem 

responses and/or auditory steady state responses. TBCT scans were available for 

104 patients and were reviewed by two otolaryngology– head and neck surgery 

specialists (C.J.Y or P.H.J) who measured the size of the vestibular aqueduct 

and evaluated cochlear morphology. 

 

Plasmids, Site-directed Mutagenesis, Cell culture, and Transfection 

Human embryonic kidney (HEK) 293 cells were maintained in Dulbecco’s 

modified Eagle’s medium-HG (Invitrogen, California USA) supplemented with 

10% fetal bovine serum and penicillin (50 IU/mL)/streptomycin (50 µg/mL). 

The coding region of pendrin cDNA was amplified by PCR from the cDNA 

library of human thyroid tissue and subcloned into the pcDNA3.1 (+) vector 

(Invitrogen, California USA) at the KpnI and NotI restriction sites. The pendrin 

cDNA sequence was verified by nucleotide sequencing and was identical to a 

registered sequence (GenBank NM_000441). Human pendrin-p.T410M and 

p.H723R mutant plasmids were generated with a PCR-based site-directed 

mutagenesis kit (Stratagene, California USA), according to the manufacturer’s 

protocol. We used the following primers for pendrin-p.T410M and 

pendrin-p.H723R mutagenesis: p.T410M forward – 5’ CTT TCC CGC ATG 

GCC GTC CAG GAG AGC ACT G 3’, p.T410M Reverse – 5’ CTG GAC GGC 

CAT GCG GGA AAG AGC AGT GGT G 3’. p.H723R forward – 5’ TTG ACG 

GTC CGT GAT GCT ATA 3’, p.H723R Reverse – 5’ TAT AGC ATC ACG GAC 

CGT CAA 3’. HEK cells were cultured in DMEM (Invitrogen, California USA) 
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supplemented with 10% fetal bovine serum. Constructs of wild-type and mutant 

pendrin were transiently transfected into HEK cells with Lipofectamine Plus 

Reagent (Invitrogen, California USA). 

 

Measurement of intracellular pH (pHi) and Cl
-
/HCO3

-
 exchange activity 

Measurements of pHi in HEK 293 cells, which have minimal intrinsic anion 

exchange activity, were performed with a pH-sensitive fluorescent probe, 

bis-carboxyethyl-carboxyfluorescein (BCECF), as described previously (12). 

Briefly, cells were transiently transfected with wild-type or mutant pendrin and 

co-transfected with pCMV-GFP (Life Technologies). A cluster of cells showing 

green fluorescent protein (GFP) fluorescence were exposed to BCECF, and pHi 

was monitored. Control cells were transfected with pCMV-GFP and mock 

vector. To minimize variations in transfection efficiencies, cells showing 

fluorescence within 80–120% of the levels observed in control cells were 

selected for anion exchange measurements in each experiment. To minimize the 

GFP signal effect, lesser than 0.1 μg GFP plasmids were co-transfected. GFP 

fluorescence at excitation wavelength of 490 nm was about 40-fold lower than 

the BCECF fluorescence (BCECF/GFP signal ratio: 39.4 ± 1.2, n = 10). After 

adding BCECF, cells were perfused with a HCO3
-
buffered solution (120 NaCl, 5 

KCl, 1 MgCl2, 1 CaCl2, 10 D-glucose, 5 HEPES, and 25 NaHCO3 in mmol/l, 

pH 7.4). BCECF fluorescence was recorded at the excitation wavelengths of 

490 nm and 440 nm at a resolution of 2/sec on a recording setup (Delta Ram; 

PTI Inc, Birmingham, New Jersey, USA). Cl
-
/HCO3

-
 exchange activities were 

estimated from the initial rate of pHi increase as a result of Cl
- 
removal in the 

HCO3
-
-containing buffer (25 mM HCO3

-
 with 5% CO2). Cl

-
 free solutions were 

prepared by replacing chloride with equimolar gluconate. BCECF signals were 

compared to those of only GFP transfected mock cells to avoid the signal 

disturbance by pH sensitive GFP signal changes. The intrinsic buffer capacity 

(βi) was measured as described previously(12). This value was not significantly 
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different for cells transfected with wild type, p.H723R, or p.T410M mutant 

pendrin. 

 

Immunostaining 

Immunofluorescence staining was performed as described previously (12). 

Briefly, HEK 293 cells on cover glass slips were transfected with pendrin 

plasmids for 24 hours. All of the plasmid transfected cells had the same 

transcription efficacies (Fig 2).  
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Figure 2. mRNA expression level of pCMV- wild type and mutant pendrins. All 

groups had 1 µg plasmid transfection for 1 day. qPCR results show that there is 

no difference in SLC26A4 transcript expression level between wild type and 

mutant pendrin groups (p = 0.69, n = 5). Relative ratio of mRNA expression 

compared to wild type was 1.07 ± 0.11, 0.97 ± 0.09 in p.H723R and p.T410M, 

respectively.  

 

Cultured cells were fixed and permeabilized by incubation in cold methanol for 

5 min at -20℃. Cells were stained with the primary pendrin antibody (Santa 
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Cruz Biotechnology), the FITC-tagged secondary antibody (Invitrogen), and 

DAPI. Fluorescent images were obtained with a Zeiss LSM 700 confocal 

microscope. Fluorescence of FITC was excited at 488 nm by an argon laser, and 

emitted fluorescence was detected with a 505-530-nm band-pass filter. 

 

Reverse-transcription (RT) and quantitative real-time PCR analysis  

Total RNA was isolated from the nasal mucosa or peripheral blood lymphocytes 

from two patients with IVS7-2 A>G homozygous mutations and two control 

patients who did not have SLC26A4 mutations with the PureLink
TM

 RNA Mini 

Kit (Invitrogen). Purified RNA samples were reverse-transcribed with the 

iScript™ cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s 

instructions. PCR reactions were performed with a thermal cycler (DnaEngine; 

Bio-Rad, ABI 7300; Applied Biosystems). For semi-quantitative analysis of 

spliced transcripts, PCR products were separated on 2% (wt/vol) agarose gels, 

stained with ethidium bromide, and visualized with the Gel Logic 212Pro 

(Carestream). PCR products were purified with the QIAquick
TM

 Gel Extraction 

Kit (Qiagen). Conventional nucleotide sequencing was performed with an ABI 

Prism 3500dx automated genetic analyzer (Applied Biosystems). For 

quantitative real-time PCR, the total reaction volume was adjusted to 20 μl with 

RNase-free water after mixing 500 ng of cDNA, 1 μl of primer, and 10 μl of 2× 

qPCR Master Mix (Applied Biosystems). Amplification was performed under 

the following cycling conditions: 95°C for 15 min followed by 40 cycles of 

95°C for 15 sec and 60°C for 40 sec. Triplicate analyses were performed for 

each cDNA. Relative RNA expression levels were calculated via the 

comparative threshold cycle (Ct) method with GAPDH as the control as 

follows: ΔCt = Ct(GAPDH) − Ct(SLC26A4). The fold-change in gene 

expression normalized to GAPDH and relative to the control sample was 

calculated as 2
−ΔΔCt

. For semi-quantitative PCR, SLC26A4 transcripts between 

exon 7 and exon 11 were amplified with the following primers: (Forward – 5’ 
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TCA CTG CTG GAT TGC TCA CC 3’, Reverse – 5’ CCA GCA ACC TGT 

GTC TTT CC 3’). In quantitative real-time PCR, the wild-type transcript of 

SLC26A4 was detected with the following primers: (Forward – 5’ TCT TGC 

TGA TTT CAC TGC TGG 3’, Reverse – 5’ GGC AGT AGC AAT TAT CGT 

CAC 3’). The exon 8-spliced transcript was detected with the following 

primers: (Forward – 5’ TCT TGC TGA TTT CAC TGC TGG 3’, Reverse – 5’ 

AGG AGG CAA AAA CCA CAA TTA C 3’). 

 

Computational analysis of human splice site mutations 

The individual information contents (Ri) of wild type and mutant splice acceptor 

sites in c.919-2A>G of SLC26A4 were compared by in silico automated splice 

site and exon definition analyses program (http://splice.uwo.ca) (16, 17). 

  

Statistical Analysis 

Statistical analysis was performed with SPSS software for PC, version 15 (SPSS 

Inc, Chicago, IL). We performed analysis of covariance to compare residual 

hearing between groups with age as a covariate. Differences in anion exchange 

activities and positive rates for pendrin between groups were evaluated by 

one-way analysis of variance. Changes in residual hearing levels according to 

age were evaluated by simple linear regression. The results of multiple 

experiments are presented as means ± SEM. A p-value less than 0.05 was 

considered statistically significant. 

 

 

 

 

 

http://splice.uwo.ca/
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III. RESULTS 

 

Genotypes of patients with bi-allelic SLC26A4 mutations 

Table 2 shows the frequencies of variants identified in Korean patients with 

bi-allelic SLC26A4 mutations. For variant allele frequency calculations, only 

one unrelated patient from each family was included. One hundred subjects 

were included 

 

Table 2. Frequency of SLC26A4 mutations 

No. Nucleotide change Protein change Location 

 

Allele frequency  

(n=200) 

 

Reference 

1 c.2168A>G p.H723R Exon 19 121 (61%) (35) 

2 c.919-2A>G (IVS7-2A>G) Splicing Intron 7 48 (24%) (36) 

3 c.1229C>T p.T410M Exon 10 7 (4%) (37) 

5 c.2027T>A p.L676Q Exon 17 4 (2%) (38) 

4 c.439A>G p.M147V Exon 5 3 (2%) (3) 

6 c. 367C>T p.P123S Exon 4 2 (1%) (3) 

7 c.1489G>A p.G497S Exon 13 2 (1%) (39) 

8 c.1149+3A>G (IVS9+3A>G) Splicing Intron 9 2 (1%) (1) 

9 c.1803G>A p.(=) (Splicing)* Exon 16 2 (1%) (40) 

10 c.1873G>T p.E625* Exon 17 1 (<1%) (1) 

11 c.1615-1G>A (IVS14-1G>A) Splicing Intron 14 1 (<1%) (1) 

12 c.1105A>G p.K369E Exon 9 1 (<1%) (41) 

13 c.1716T>A p.F572L Exon 16 1 (<1%) (42) 

14 c.918+2T>C (IVS7+2T>C) Splicing Intron 7 1 (<1%) (43) 
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15 c.532A>C p.T178P Exon 5 1 (<1%) (44) 

16 c.916dupG p.V306Gfs Exon 7 1 (<1%) (45) 

17 c.2027dupT p.R677Afs Exon 17 1 (<1%) (46) 

18# c.765+1G>A (IVS6+1G>A) Splicing Intron 6 1 (<1%) In this 

study 

# indicates novel mutation. * The pathogenicity of this synonymous mutation 

(1803G>A) was recently reported (40). 

 

For variant allele frequency calculations, only one unrelated patient from each 

family was included. The most common allelic mutation was a missense 

mutation of p.H723R, which comprised 61% (n = 121) of mutations. 

c.919-2A>G, which caused complete deletion of exon 8, accounted for 24% (n = 

48). p.T410M accounted for 4% (n = 7) of mutations. Other mutations were 

found in fewer than 2% of patients. We also found one novel variant, 

c.765+1G>A. This novel variant was predicted to cause abnormal splicing due 

to loss of splicing donor site of exon 6 (www.umd.be/HSF/). Forty-three 

patients with bi-allelic SLC26A4 mutations had homozygous p.H723R 

mutations. Compound heterozygous mutations of p.H723R/c.919-2A>G were 

the second most common mutation (n = 25) followed c.919-2A>G homozygous 

mutations, which were identified in eight patients. Compound heterozygous 

missense mutations (p.H723R/p.T410M) were noted in seven patients. 

Additional compound heterozygous mutations were found in three or fewer 

patients (Fig. 1b). 

 

Hearing levels according to SLC26A4 mutation genotype 

We analyzed residual hearing level in patients carrying relatively common 

mutations in the SLC26A4 gene. The hearing levels of patients with compound 

heterozygous mutations of p.H723R/c.919-2A>G (86.3 ± 19.4dB, 54 ears, mean 

age 12.4 years) and homozygous mutations of c.919-2A>G (87.6 ± 15.7 dB, 16 

http://www.umd.be/HSF/
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ears, mean age 17.9 years) were better than those of patients with p.H723R 

homozygous mutations (93.3 ± 13.2dB, 78 ears, mean age 14.0 years; p < 0.05). 

Patients with c.919-2A>G mutant alleles demonstrated large variations in 

residual hearing, ranging from 20 dB to 120 dB. Patients with another common 

genotype, p.T410M/p.H723R, had better residual hearing (73.8 ± 18.5 dB, 16 

ears, mean age 12.0 years) than those with p.H723R homozygous mutations (p 

< 0.05; Fig. 3). 
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Figure 3. Comparison of residual hearing levels in patients with bi-allelic 

SLC26A4 mutations. The residual hearing levels of patients with mutant 

allele(s) of c.919-2A>G or p.T410M were better than those with p.H723R 

homozygous mutations. * indicates p < 0.05 compared to patients with 

p.H723R homozygous mutations. 

 

Differences in phenotypes of p.H723R homozygotes vs. p.H723R/ 

c.919-2A>G compound heterozygotes 

We compared inner ear phenotypes between patients with p.H723R 
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homozygous mutations and p.H723R/c.919-2A>G compound heterozygous 

mutations, which were the most common mutations. The degree of residual 

hearing in patients with p.H723R homozygous mutations did not vary with age 

(p = 0.76). In contrast, hearing was relatively better in young patients with 

p.H723R/c.919-2A>G compound heterozygous mutations than older patients (p 

= 0.02; Fig. 4).  
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Figure 4. Changes in hearing levels according to age. Residual hearing levels 

declined with age in patients with p.H723R/c.919-2A>G compound 

heterozygous mutations (p = 0.02), whereas hearing levels did not change with 

age in patients with p.H723R homozygous mutations (p = 0.76).  

 

Residual hearing was much better in patients who were younger than 3 years 

old and had p.H723R/c.919-2A>G mutations (83.0 ± 13.4 dB, 16 ears) relative 

to patients who were younger than 3 years old and had p.H723R homozygous 

mutations (97.0 ± 8.3 dB, 22 ears; p > 0.01). A greater number of patients with 

p.H723R/c.919-2A>G compound heterozygous mutations (45%) experienced 

hearing fluctuations than patients with p.H723R homozygous mutation (21%; 

Fig. 5a). Further, the ratio of Mondini deformity (incomplete cochlear turns) 

was higher in patients with p.H723R homozygous mutations (74%) compared to 
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those with p.H723R/c.919-2A>G compound heterozygous mutations (46%; Fig. 

5b). 

 

 

Figure 5. The ratio of hearing fluctuation (a) and Mondini deformity (b). The 

incidence of hearing fluctuation is higher, and the ratio of Mondini deformity is 

lower in patients with p.H723R/c.919-2A>G compound heterozygous mutations 

versus patients with p.H723R homozygous mutations. 

 

mRNA transcripts in patients with c.919-2A>G homozygous mutation  

The c.919-2A>G splicing mutation results in complete deletion of exon 8 of 

SLC26A4 (18). However, in our study, patients with c.919-2A>G mutant alleles 

had better hearing than those with p.H723R homozygous mutations. We 

hypothesized that the c.919-2A>G mutation may be transcribed into normal and 

mutant pendrin. To test this hypothesis, we harvested nasal mucosa and 

lymphocytes from two patients with c.919-2A>G homozygous mutations, 

because pendrin is well-expressed in these tissues (19). As shown in Fig. 6, only 

wild-type pendrin transcript was detected (457 bp) in samples collected from 

controls. In contrast, multiple bands were detected in samples from patients 

with c.919-2A>G homozygous mutations. Along with the spliced bands from 

exon 8 (374 bp), PCR products corresponding to normal pendrin were also 

(a) (b) 
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noted. Interestingly, cryptic splicing bands corresponding to an additional 

deletion of 149 nucleotides from exon 9 (225 bp) were detected in nasal 

mucosal samples from patients with c.919-2A>G mutations by PCR and 

sequencing analysis.  

 

Nasal Mucosa

MM

Lymphocyte 

Nasal Mucosa

Lymphocyte 

exon 7 exon 8 exon 8 exon 9
●●●

WT (780 amino acids)

delExon 8 (frame shift, early stop at p311)

exon 7 exon 9

cryptic splicing  (703 amino acids)

exon 7 exon 9 (+149)

 

 

Figure 6. Expression of transcripts in patients with homozygous c.919-2A>G 

splice-acceptor mutations. Total RNA samples were collected from nasal 

mucosa and lymphocytes from two controls and two cases with c.919-2A>G 

homozygous mutations. RT-PCR and DNA sequencing were followed. Only 

wild-type transcripts (WT, 457 bp) were detected in the control samples. In 

contrast, normal transcripts and transcripts with deletions in exon 8 (del Exon 8, 

374 bp) were detected in samples from patients with c.919-2A>G mutations. 

Cryptic splicing bands (224 bp) corresponding to an additional deletion of 139 

nucleotides in exon 9 were observed in nasal mucosal samples from patients 

with IVS-2A>G mutations.  
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Because amplicon intensities were varied between patients, we performed 

quantitative real-time PCR with individual primers against specific amplicons. 

The data revealed that 6 ± 1% (n = 3) and 17 ± 7% (n = 4) of pendrin transcripts 

were wild-type in nasal mucosa and lymphocytes, respectively, of patients with 

c.919-2A>G homozygous mutations. 

 

Membrane expression of pendrin in HEK 293 cells 

p.H723R pendrin and p.T410M pendrin have been reported to be retained 

within the ER, preventing localization to the plasma membrane due to protein 

folding defects (12, 20). However, as shown in Fig. 7a, a portion of HEK 293 

cells that were transfected with p.T410M or p.H723R mutant pendrin expressed 

pendrin at the plasma membrane. Analysis of pendrin expression at the cell 

surface at high power magnification (40×) showed that pendrin was more 

frequently expressed at the plasma membranes of p.T410M-transfected cells 

(13.3 ± 3.4%) than in p.H723R-transfected cells (6.2 ± 2.1%; p < 0.05). 

Wild-type pendrin was expressed in most cells (77.4 ± 6.2%; Fig. 7b).  
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Figure 7. Expression of mutant pendrin in HEK 293 cells. (a) Some HEK 293 

cells transfected with plasmids containing p.T410M or p.H723R mutant 

expressed pendrin at the plasma membrane. (b) A summary of pendrin 

expression from four separated experiments.  The percentage of 

pendrin-positive cells was higher in cells transfected with p.T410M than those 

transfected with p.H723R (n = 5, * p < 0.05). 

 

(a) 

(b) 
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Anion exchange activities of mutant pendrin  

We investigated the anion exchange activity of pendrin localized to the plasma 

membrane of transfected cells. Cl
-
/HCO3

-
 exchange activity was measured in 

HEK293 cells transfected with wild-type or mutant SLC26A4. Mock 

vector-transfected HEK293 cells had minimal intrinsic anion exchange 

activities (0.024 ± 0.006 ΔpHi/min), whereas cells with wild-type pendrin 

showed high anion exchange activities (0.337 ± 0.050 ΔpHi/min). Interestingly, 

the cells transfected with p.T410M plasmids (0.078±0.009 ΔpHi/min, 23% of 

wild-type pendrin) showed significantly higher anion exchange activities than 

the cells with p.H723R (0.042 ± 0.008 ΔpHi/min, 12% of wild-type pendrin) (p 

< 0.05; Fig. 8). 

 

 

(a) 
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Figure 8. Measurements of anion exchanger activities in HEK 293 cells 

transfected with wild-type or mutant pendrin plasmids. (a) Representative traces 

of cells transfected with mock vector, WT-pendrin, or p.T410M-pendrin. (b) A 

summary of Cl
-
/HCO3

-
 exchange activity from six or more experiments. Cells 

transfected with wild-type pendrin showed significantly higher exchange 

activities compared to those transfected with mock vector. The activities of cells 

with p.H723R and p.T410M mutant pendrin plasmids were 12 and 23% of those 

in cells with wild-type pendrin, respectively. The activities of p.T410M were 

significantly higher than those of p.H723R (* p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 
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IV. DISCUSSION 

 

One of the distinct features of patients with SLC26A4 mutations is the 

variability of inner ear and thyroid phenotypes. There have been many studies 

examining correlations between genotypes and phenotypes. Patients with 

bi-allelic SLC26A4 mutations have worse residual hearing, greater inner ear 

anomalies, and goiter in comparison to those with mono-allelic or no allelic 

mutations (21-24). In contrast, recent studies suggest the absence of correlation 

between SLC26A4 mutations and hearing loss (10, 11). Wang et al. (4) 

compared hearing levels between patients with homozygous c.919-2A>G 

mutations or compound heterozygous mutations of c.919-2A>G with patients 

that have other point mutations. No significant differences were found. 

However, a limited number of patients with identical SLC26A4 mutations were 

analyzed in previous studies, which may result in inconclusive data. A relatively 

large number of patients with the same mutations were included in our study. 

We demonstrated that patients with c.919-2A>G alleles had better hearing and 

mild radiological phenotypes relative to those with p.H723R homozygous 

mutations. If we focused exclusively on hearing in young patients, the 

difference was more pronounced. Patients with p.T410M mutant alleles also had 

better hearing than those with homozygous p.H723R mutations. To the best of 

our knowledge, this is the first report to show the audiological and radiological 

phenotypic differences between patients with different SLC26A4 mutations. 

Genotype-phenotype correlations are important to consider during counseling 

and for drug development efforts to improve treatments of diseases resulting 

from pendrin defects. 

Patients with one or two allelic mutations of c.919-2A>G had better residual 

hearing with large variability observed among patients. c.919-2A>G is the most 

common mutation in Mainland China (4, 10, 14) and accounted for 23% of the 

SLC26A4 mutations detected in our study. This SLC26A4 mutation results in 
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complete deletion of exon 8 and premature termination of translation (18). In 

this context pendrin was not expected to reach the plasma membrane. However, 

patients with homozygous mutations of c.919-2A>G or those with compound 

heterozygous mutations with p.H723R had better hearing than those with 

p.H723R homozygous mutations, especially young patients. Regulation of 

alternative splicing is a complex process that depends on tissue specificity and 

physiological state. Therefore, some level of normal mRNA can be transcribed 

from mutant alleles, leading to variable expression of wild-type pendrin and 

variations in phenotypic changes (25). A similar phenomenon occurs in patients 

with cystic fibrosis. Transcripts with normal splicing were detected in a small 

portion of tissues obtained from patients with splice site mutations in whom a 

milder phenotype and wider variability in disease expression were observed (26, 

27). Interestingly, transcript levels were approximately 10% of normal levels in 

tissues from patients with splice-site mutations affecting intron 4 of SLC26A4 

(28). We hypothesized that the reason for better residual hearing and large 

variability in patients with c.919-2A>G mutant alleles is leaky 3’ original splice 

site. In mRNA splicing process, U2 snRNP Auxillary Factor (U2AF) is known 

to interact with the ‘AG’ dinucleotide at the 3’ splice acceptor site (29). 

Mutations within the 3’ intronic junctions can either completely or partially 

inactivate these sites and some changes activate cryptic splice sties (28). 

Interestingly, in silico computational prediction shows that the c.1817-2A>G 

mutation of plakophilin 1 gene does not abolish the original splice acceptor site 

but instead makes it leaky; thus, normal splicing mRNA production still occurs 

in part (30). In case of SLC26A4, c.919-2A>G mutation is also predicted to 

make the original splice site leaky with the Ri value reduced from 12.1 to 3.9 

(Table 3).  
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Table 3. Computational analysis of individual information contents (Ri) in 

c.919-2A>G of SLC26A4. By substitution of c.919-2A>G, natural splice 

acceptor site becomes leaky and new cryptic splice site occurs dominantly at the 

mutated G next to the last nucleotide of intron 8 of SLC26A4 

 

Position 
Wild type  

(Ri) 
c.919-2A>G 

(Ri) 
ΔRi 

Fold 
change 

Binding affinity 
(% of Wild type) 

c.919-1G 12.1 3.9 -8.2 -286.2 0.3 

c.919-2A -4.5 3.1 7.6 8.7 873.9 

 

This result means that even the original splice acceptor site should be able to 

produce some normal splicing mRNA (Fig 9). 

 

 

 

Figure 9. In silico predictions of cryptic splicing in c.919-2A>G of SLC26A4. 

c919-2A>G mutation results in a leaky intron 8 acceptor splice site, with Ri 

reduced from 12.1 to 3.9 bits. Despite the decreased Ri value, it is yet probable 

that normal splicing mRNA can be produced in part. Additionally, this 

mutation creates a new cryptic splice site at the mutant G of intron 8, with Ri 
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value increased from -4.5 to 3.1 bits. This predicts an outcome of a single G 

insertion into the begining of exon 8, which in turns leads to a premature stop 

codon within exon 8 due to frameshift. 

 

In the mRNA quantitative analysis, c.919-2A>G mutation produces various 

levels of normal transcripts. We confirmed that the levels of normal transcripts 

in nasal mucosa and lymphocytes of two patents with c.919-2A>G homozygous 

mutations were approximately 7 to 16% of the normal level. Although we could 

not measure the levels of normal transcripts in inner ear tissues, these data 

suggest that even in patients with c.919-2A>G homozygous mutations, normal 

pendrin can reach the plasma membrane at variable levels according to 

individual patients and specific tissues. Membrane localization of normal 

pendrin would retain residual hearing. However, variations in the level of 

localization would produce phenotypic variability.  

Aberrant pendrin proteins that have folding defects are degraded and cannot 

reach the plasma membrane. p.T410M and p.H723R mutants have been 

reported to be retained within the ER, such that they could not reach the apical 

membrane (12, 20). However, this reported result cannot explain the significant 

residual hearing that is often observed in patients with these mutations. 

Important information regarding genetic transporter diseases caused by 

misfolding of proteins can be gained from studies focused on cystic fibrosis. A 

minor portion of misfolded aberrant CFTR proteins encoded by the ΔF508 

mutation localize to the cell surface membrane (31). Furthermore, airway 

mucosal cells obtained from cystic fibrosis patients with ΔF508 homozygous 

mutations retained CFTR function. CFTR function is an indicator of disease 

severity (32). We hypothesized that a similar phenomenon might occur in 

patients with SLC26A4 mutations. A portion of mutant pendrin proteins may be 

rescued from ER-associated degradation by an unknown mechanism with 

subsequent trafficking to the plasma membrane. Membrane localization would 
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result in residual hearing in patients with bi-allelic pendrin mutations. In this 

study, we showed that cells transfected with mutant forms of pendrin had 

significant residual anion exchange activities, indicating that functional pendrin 

was being trafficked to the plasma membrane. We also showed that more than 

10% of cells that were transfected with the mutant gene also expressed pendrin 

at the plasma membrane. We did not actually examine pendrin expression in the 

inner ears of these patients. However, our study suggests that residual hearing in 

patients with SLC26A4 mutations that result in protein misfolding may be 

partially rescued by pendrin expression at the plasma membrane. Further, our 

study demonstrated that patients with p.T410M mutant alleles had significantly 

better residual hearing than those with p.H723R homozygous mutations. A 

greater percentage of HEK 293 cells transfected with p.T410M expressed 

pendrin at the plasma membrane than those transfected with p.H723R. 

Furthermore, the anion exchange activities in cells with p.T410M mutations 

was higher than that in cells with p.H723R, which may explain the better 

residual hearing in patients with p.T410M mutations.   

The proportion of EVA patients with non-diagnostic SLC26A4 genotypes 

ranges from 24 to 82% in North American and European populations (1, 8, 33, 

34). In Japanese and Chinese cohorts, the proportions of EVA patients with two 

identified mutant alleles in SLC26A4 are 57% and 88%, respectively (3, 4). 

Bi-allelic pendrin mutations were identified in most patients with EVA in our 

study. According to the data from Center 2, 56 out of 61 EVA patients (92%) 

had bi-allelic SLC26A4 mutations if all exons were sequenced. These results 

indicate that EVA is a genetically homogeneous disorder caused by bi-allelic 

SLC26A4 mutations in Koreans. The mutational spectrum of Korean EVA 

patients is completely different from that found in Caucasian patients. Allelic 

frequency of p.H723R (61%) and c.919-2A>G (24%) mutations in Koreans is in 

between the frequencies found in Chinese and Japanese patients. In Chinese 

patients with EVA, c.919-2A>G is the most predominant genotype, accounting 



28 

 

for 58-84% of SLC26A4 mutations, whereas p.H723R has a much lower 

incidence of less than 10% (4, 6, 14). In contrast, p.H723R is the most prevalent 

mutation in Japanese EVA patients, accounting for more than 50% of SLC26A4 

mutations (3). The allelic frequency in Koreans seems to reflect the geographic 

and ethnic position of Korea. The high prevalence of these two mutations 

supports genetic screening for pendrin mutations in East Asian patients. 
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V. CONCLUSION 

In this study, we showed a correlation between a specific SLC26A4 mutation 

and an inner ear phenotype. We also demonstrated that some portions of 

aberrant pendrin proteins can reach the plasma membrane and retain anion 

exchange activity. Thus, drugs that reactivate the residual function of mutant 

pendrin should be developed in order to maintain residual hearing in patients 

with SLC26A4 mutations. 
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< ABSTRACT(IN KOREAN)> 

 

SLC26A4 유전자의 이중대립형질 돌연변이를 가진 환자들의 

유전형과 표현형의 상관관계 

<지도교수 : 최재영> 

 

연세대학교 대학원 의학과 

 

신중욱 

 

SLC26A4 유전자는 갑상샘과 내이, 신장에서 음이온의 전달에 

관여하는 펜드린 단백을 만드는 것으로 알려져 있으며, 이 유전자의 

돌연변이는 한국을 포함한 동아시아에서, 가장 흔하게 발견되는 

선천성 난청 원인 유전자 중 하나이다. SLC26A4 유전자의 돌연변이를 

가지는 환자들은 다양한 임상 양상을 보이게 되는데 선천성 

감각신경성 난청만을 보이는 경우도 있고, 갑상샘 비대가 같이 

나타나는 Pendred 증후군으로 나타나는 경우도 있다. 또한 상염색체 

열성으로 유전하는 다른 난청유전자들이 태어날 때부터 고도, 

고심도의 난청을 보이는 것과 달리, 출생 시에는 잔청이 남아 있는 

상태에서 점차 청력이 소실되거나, 변동성을 보이는 등 난청에서도 

다양한 표현형을 보이고 있다. 본 연구에서는 각각의 유전자 변이에 

따라 다른 임상 양상을 보이는 지 확인하고, 그 원인에 대해 확인해 

보고자 하였다.  

양측성 전정도수관 확장을 보이면서, 유전자 검사에서 이중대립형질 

돌연변이를 보이는 111명의 환자를 대상으로 연구를 진행하였다. 

111명의 환자들 중에서, 가족관계에 있는 경우, 가족 구성원 중 

1명만을 포함시켜 대립유전자의 비율을 비교하였을 때, 100명이 환자 
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중에서 가장 흔하게 발견된 대립유전자의 형태는 p.H723R 이 121예로 

61%를 보였으며, c.919-2A>G이 48예로 24%에서 관찰되었고, 

p.T410M이 7예로 4%에서 발견되어, 이들 세가지 대립유전자의 

돌연변이 형태가 가장 흔하게 발견되는 것으로 나타났다 

이 세가지 대립유전자를 가진 환자들이 가지고 있는 잔청을 서로 

비교했을 때, c.919-2A>G 이나 p.T410M의 돌연변이 대립유전자를 

가진 환자들이 p.H723R 동형접합체를 가진 환자들에 비해 잔존청력이 

많이 남아 있는 것으로 나타났다. 따라서 돌연변이 형태에 따라 

난청의 정도가 다를 수 있을 것으로 생각되었다.  

c.919-2A>G는 splicing site 돌연변이로 exon 8번이 소실되어 311번 

위치에서 새로운 종결 코돈이 생기는 것으로 알려지고 있다. 그러나 

본 연구에서는 두 명의 c.919-2A>G 동형접합체를 가진 환자의 코 

점막과, 림프구에서 역전사중합효소연쇄반응을 시행한 결과 exon 8 

번이 소실된 374bp의 밴드뿐 아니라, 정상적인 전사가 일어난 야생형 

밴드도 관찰할 수 있었다. 또한 실시간 중합효소 연쇄반응을 통하여, 

림프구에서는 약 17%, 코점막에서는 약 6%의 정상 전사가 일어남을 확인할 

수 있었다. 이를 통하여, 정상적으로 전사된 mRNA가 일부 존재해서, 

c.919-2A>G 돌연변이에서 잔존청력이 많이 남아 있는 것으로 

생각되었다.  

p.T410M은 SLC26A4 유전자에 점돌연변이를 일으켜, 펜드린 단백의 

misfolding으로  인해 펜드린이 세포 표면으로 이동하지 못 하고, 세포 

내에 남아 있는 것으로 알려져 있다. p.T410M, p.H723R, wild type의 

플라스미드를 HEK293세포 내로 트랜스펙션 시켜서, 면역형광염색을 

통해 이들에 의해 만들어지는 펜드린이 실제 세포 내에서만 

나타나는지 확인하고, 세포 내 산성도를 측정하여 이들의 활동도를 

측정해서 차이가 있는지 확인하였다. Wild type에 비해서는 작은 
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비율이지만, p.H723R과 p.T410M을 트랜스펙션 시킨 세포에도 

세포표면에서 펜드린이 관찰되었으며, p.T410M을 트랜스팩션 시킨 

세포에서 p.H723R을 트랜스팩션 시킨 세포에 비하여 펜드린 단백이 

세포 표면에 더 많이 표현되었다. 세포 내 산성도를 측정하여 

남아있는 펜드린 기능을 본 실험에서도 wild type에 비하여, p.T410M이 

23%, p.H723R이 12%의 기능이 남아 있는 것으로 나타났다. 따라서 

이와 같은 결과가 p.T410M이 잔존청력이 많이 남게 되는 원인이 될 

것으로 생각된다.  

c.919-2A>G나 p.T410M를 가지는 환자들은 더 많은 잔청을 가지고 

태어나고, 일정 기간 잔청이 남아 있는 경우가 있어 약물치료를 통해 

이를 좀더 보존할 수 있다면, 환자들의 청각재활에 큰 도움이 될 수 

있을 것으로 생각된다.  
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