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Allelic frequency of SLC26A4, FOXI1 and KCNJ10 Genes Variants According to gnomAD 

Table S1. The allelic frequency of the SLC26A4, FOXI1 and KCNJ10 genes variants according to gnomAD. 

 

Gene Variant Exon 

Latino/ 

Admixed 

American 

Africa/ 

African 

American 

European 

(Finnish) 

European 

(non- 

Finnish) 

Ashkenazi 

Jewish 
East Asian 

South 

Asian 
Other Total 

SLC26A4 

c.85G>C 

p.(Glu29Gln) 

rs111033205 

2 
0/26924 

(0.000) 

0/17794 

(0.000) 

2/13448 

(0.0001487) 

19/82994 

(0.0002289) 

0/8888 

(0.000) 

0/14046 

(0.000) 

0/23600 

(0.000) 

1/5694 

(0.000) 

22/193388 

(0.0001138) 

c.441G>A 

p.(Met147Ile) 

rs201905280 

5 
0/35438 

(0.000) 

0/24970 

(0.000) 

129/25124 

(0.005135) 

20/129174 

(0.0001548) 

0/10368 

(0.000) 

4/19954 

(0.0002311) 

1/30616 

(0.00003266) 

7/7226 

(0.0009687) 

161/282870 

(0.0005692) 

c.757A>G 

p.(Ile253Val) 

rs773657545 

6 
5/34592 

(0.0001445) 

1/16256 

(0.00006152) 

0/21646 

(0.000) 

0/113594 

(0.000) 

0/10074 

(0.000) 

11/18394 

(0.0005980) 

5/30616 

(0.0001633) 

0/6138 

(0.000) 

22/251310 

(0.00008754) 

c.2027T>A 

p.(Leu676Gln) 

rs111033318 

17 - - - - - - - - - 

c.2089+1G>A 

(IVS18+1G>A) 

rs727503430 

Intron 

18 

0/339 20 

(0.000) 

5/23064 

(0.0002168) 

0/23782 

(0.000) 

1/109658 

(0.000009119) 

0/9594 

(0.000) 

0/19220 

(0.000) 

0/28240 

(0.000) 

0/6654 

(0.000) 

6/254132 

(0.00002361) 

FOXI1 

c.279G>A 

p.(Arg93=) 

rs2277944 

1 
6558/29378 

0.2232 

10271/19070 

(0.5386) 

3991/20582 

(0.1939) 

15572/93884 

(0.1659) 

1745/9128 

(0.1912) 

7224/15196 

(0.4754) 

5810/25668 

(0.2264) 

1208/5964 

(0.2025) 

52379/21887

0 

(0.2393) 

c.1044T>C 

p.(Tyr348=) 

rs10063424 

2 
32211/35170 

0.9159 

22306/24880 

(0.8965) 

21435/24860 

(0.8622) 

114114/126842 

(0.8997) 

9311/9974 

(0.9335) 

19651/19910 

(0.9870) 

27958/29948 

(0.93360) 

6397/7128 

(0.8974) 

253383/2787

12 

(0.9091) 

KCNJ10 

c.811C>T 

p.(Arg271Cys) 

rs1130183 

1 
875/35440 

(0.2469) 

289/24956 

(0.01158) 

1965/25120 

(0.07822) 

9067/129090 

(0.07024) 

204/10364 

(0.01968) 

3/19954 

(0.0001503) 

452/30616 

(0.01476) 

341/7224 

(0.04720) 

13196/28276

4 

(0.04667) 



 

 In Silico Assessment of the Possible Pathogenic Effect of the Missense Variant c.441G>A p.(Met147Ile) 

of the SLC26A4 Gene on the Function/Structure of the Pendrin (SLC26A4) 

 

Evaluation of the c.441G>A p.(Met147Ile) variant of the SLC26A4 gene by predictive in silico tools 

 

To predict the effect of the c.441G>A p.(Met147Ile) missense variant, we used following in silico 

tools: SIFT, Polyphen-2, PROVEAN, Mutation Taster. As a result, it was rated as “damaging” by all tools 

(Table S2). 

 

Table S2. Evaluation of the c.441G>A p.(Met147Ile) variant of the SLC26A4 gene by predictive in 

silico tools 

Variant with 

uncertaine 

significance 

(VUS) 

SIFT Polyphen-2 PROVEAN Mutation Taster 

c.441G>A 

p.(Met147Ile) 

Damaging 

Score: 0.000 

Probably 

Damaging 

Score:1.000 

Deleterious 

Score: -3.95 
Disease causing 

 

 

Modeling the structure of the pendrin (SLC26A4) using AlphaFold 2.0 

Here, we propose a native of the three-dimensional (3D) structure of the SLC26A4 protein model 

based on the AlphaFold neural network architecture. According to a given amino acid (780 aa) sequence 

in the FASTA format: >ATG34016.1 SLC26A4 [Homo sapiens] 

(https://www.ncbi.nlm.nih.gov/protein/ATG34016.1?report=fasta). In Figure S1A, a general view of the 

predicted spatial structure of pendrin is presented. On the model, sections of the chain with different 

measure of reliability of predicting the amino acid sequence of the protein (pLDDT) are highlighted in 

different colors (https://alphafold.ebi.ac.uk/entry/O43511). The resulting model of pendrin, as a whole, 

has a relatively ordered structure and is predicted with high accuracy/corresponds to the correct predic-

tion. However, “intrinsic disruption” is demonstrated by the N- and C-terminal regions, as well as a lone 

β-hairpin emerging from the membrane. These regions are orange/yellow, which corresponds to the very 

low reliability of the prediction of the AlphaFold algorithm and the true conformation in these regions 

may be different (Figure S1А). Similar to the structure of the known SLC26A5/SLC26Dg structures, the 

predicted SLC26A4 model consists of two components, a highly regular transmembrane domain (TMD) 

and a C-terminal cytoplasmic STAS domain (an acronym for “Sulfate Transporter Antagonist of an-

ti-Sigma factor”), which is involved in the synthesis of various small molecules including nucleotides 

[4-8]. The amino acid (aa) residue Met147 analyzed by us in the predicted model is located in the α3-helix 

of the TMD and consists of 14 aa residues, from Pro142 to Met155. This section of the α3-helix 

has >90pLDDT>70, which indicates a high prediction accuracy (Figure S1B). 

Comparative analysis of the sequences of amino acid residues that define transmembrane seg-

ments of human pendrin (SLC26A4) in accordance with the tertiary structural model obtained by the Al-

phaFold program with previously obtained TMD models of pendrin predicted on the basis of proteins 

homology to pendrin from the SLC26 family [2, 3, 5, 6], in the 3-segment, on which the missense 

p.(Met147Ile) substitution is located, a difference was found in the number of amino acid residues. On the 

resulting AlphaFold model, the α3-helix turned out to be represented by 14 aa residues from 142 to 155, 

in contrast to those previously described in other works, where that α3-helix TMD encompassed aa 

141-147 in 70% of models, and 141-149 in 30% of models [2]. This information is important, since even a 

single missense mutation at a critical site on a helix can be detrimental to the folding and/or function of 

the protein [9]. 

 



 

 

Figure S1. Three-dimensional (3D) spatial structural model of the human pendrin 

(SLC26A4) as predicted by Alphafold 2.0. 

Note. (A) General view (https://alphafold.ebi.ac.uk/entry/O43511). Color represents regions of the mon-

omer with varying confidence in conformation prediction (see bottom). Dashed lines indicate extra- and 

intracellular regions of the monomer. The arrows indicate the analyzed amino acid residues (Met147). (B) 

Close-up of the location of Met147 in the α3-helix of the TMD of pendrin (shown in pink). 

 

Alignment of Mutant p.(Met147Ile) and Normal Structures of Pendrin (SLC26A4) 

Using the PyMOL program tool based on the native structure of the SLC26A4 protein, modeled 

by the AlphaFold 2.0 program, we aligned the three-dimensional folding of the mutant and normal pen-

drin chain (Figure S2). For normal and mutant p.(Met147Ile) structures of pendrin, the calculated RMSD 

was 1.391 Å . The reflected differences in the folding of the N-, C-terminal sections of the chain in the 

compared forms of the protein (Figure S2A) are caused by the low reliability of the predictions of the 

conformation of this section by the AlphaFold algorithm and are ignored when calculating the RMSD 

index by the PyMOL program. 

 

 

Figure S2. Alignment of mutant p.(Met147Ile) and normal structures of pendrin (SLC26A4) in PyMOL. Note. (A) The 

yellow square marks the localization site of the amino acid residue at position 147, in the norm Met (green), in the 

mutant Ile (red). (B) Close-up view of the side chains of the amino acid residues Met147 and Ile147, originating from 

the C-atoms of the main chain. 

 

As a result of alignment of the three-dimensional folding of the mutant and normal chains using 

the PyMOL program, the obtained RMSD value: 1.391 Å  is within the full similarity criterion (<2 Å ) and 

indicates that the studied missense substitution c.441G>A p.(Met147Ile) of the SLC26A4 gene does not 



 

lead to a change in the spatial structure of the synthesized protein. This similarity of the two compared 

structures, with a slight difference, is probably due to the physicochemical properties of the considered 

amino acid residues in the polypeptide chain. It is known that the amino acids methionine and isoleucine 

belong to the same functional group of aliphatic amino acids with hydrophobic un-charged side radicals 

and their isoelectric point is approximately the same (Met: pI = 5.8, -COOH = 2.3, -NH3 = 9.2; Ile: pI = 6.1, 

-COOH = 2.4, -NH3 = 9.7). 

 

Topology of the Pendrin Protein (SLC26A4) 

However, the nature of the various mutational pathways cannot be fully explained by the physi-

cochemical properties of the amino acid residues being replaced in the protein chain. Additional topo-

logical information of the protein must be used to understand and model the damaging factors, based on 

the location of the segments/motifs. 

Based on the literature data on the structure of the SLC26 protein family and the data from Uni-

ProtKB: O43511 (https://www.uniprot.org/uniprot/O43511), we generated a schematic representation of 

the topology and structural motifs of SLC26A4 based on the model predicted by AlphaFold 2.0 (Figure 

S3). 

 

 

Figure S3. Topology of human SLC26A4 pendrin based on the model predicted by AlphaFold 2.0 [2, 5, 6].  

Note. The transmembrane domain (TMD) consists of 14 TM-segments (α-helices) depicted as columns. The number-

ing of the segments is marked with large numbers in the center, along the edges there are amino acid positions in the 

α-helix sequence. The core domain (1-4 and 8-11) is marked in maroon. Gate domain (5-7 and 12-14), indicated in blue. 

In the center, the substrate (light sphere) is shown, where the path of its transportation passes. Below, in the cyto-

plasmic region, there is a packing scheme of the STAS-domain motif in the form of a “meander” (path of a protein 

chain), consisting of alternating β-strands and α-helices. The numbers indicate the order of the structural segments in 

the chain of the STAS domain. 



 

Transmembrane domain (TMD) of pendrin is composed of 14 TM segments (α-helices) are ar-

ranged as two inverted repeat units, each consisting of 7 TM α-helices (1-7 and 8-14, their spans form the 

channel pores). Inner α-helices 1-4 and 8-11 pack to constitute the core domain, surrounded on one side 

by the gate domain consisting of outer α-helices 5-7 and 12-14 (Figure S3) [2, 5-8, 10]. In the core domain, 

not quite classical α-helices are two short α3 and α10 preceded by short β-strands, and the peculiar fold 

between them contributes to form a central cavity in the structure, where the substrate transport path lies 

[3]. The cytoplasmic region contains the N-terminal and C-terminal STAS domain consisting of alternat-

ing β-strands and α-helices (Figure S3). The STAS domain is typical of the SLC26 family of transporters, 

having a common structural fold consisting of 4-5 β-strands and 4 α-helices. However, a distinctive fea-

ture in mammals is the presence in the STAS domain of nominally structured intervening sequence (IVS), 

between the α1-helix and β3-strand, the function of which has not been fully studied (Figure S3) [7, 11]. 

Of note, AlphaFold long chain IVS pendrin was predicted with very low confidence (in Figure S1, orange 

chain with two yellow β-strands in the intracellular region). 

In 2017 the work of Dossena et al. an important suggestion was made that the core domain is the 

key center of the ion channel, which include two transmembrane segments (3 and 10 α-helices) has a 

fundamental role for the recognition of different ions and substrate binding (Figure S4) [2]. 

 

 

Figure S4. Schematic of the alternate access mechanism of anion transport in the core domain postulated for SLC26 

transporter proteins [2, 6]. 

Note. (A) Fragment of the structural AlphaFold-model of pendrin, showing the central cavity in the 

transmembrane region. (B) Schematic of the access mechanism of anion transport in the core domain for 

SLC26 transporter proteins. The core domain (maroon) and gate domain (blue) regions of the TMD are 

embedded within the lipid bilayer (beige). The cytosolic STAS domain is represented as a dark square 

connected to the terminal helix of the gate domain. On the right, the bound anion substrate (light sphere) 

can be released to the cytoplasm from the inward facing conformation, or on the left, to the extracellular 

space from the outward facing conformation. The transition state between these events occurs in an oc-

clusive (quasi-stable state) conformation, with the main domains facing both inward and outward simul-

taneously (not shown). 

 

This translocation triggers conformational changes in the protein that ultimately alter its surface 

area in the plane of the plasma membrane. It swings anions across the membrane to get inside the cell, or 

vice versa, preventing them from dissociating and escape to the extracellular space (Figure S4B) [6, 11, 13, 

14]. The cytosolic STAS domain probably acts as a competitive antagonist at the anion-binding site of the 

gate domain [2]. Thus, such an anion transport mechanism determines the common basis for the diverse 

functional behavior of the SLC26 family of transmembrane proteins [6]. Therefore, that packing of core 

domain helices α3 and α10 is crucial to integrity and conformational flexibility of the substrate transloca-

tion pathway [2]. It follows that mutant amino acid residues located in this part of the polypeptide chain 

can probably cause the pathophysiological mechanism of the SLC26A4 ion channel and cause diseases 

associated with the pendrin protein. 



 

 

 

Analysis of Evolutionary Conservatism of Sequences α3-helix TM 

For further estimation, we performed an evolutionary conservatism analysis of the α3-helix TM 

(Pro142 to Met155), which showed high conservation of aa positions 142 to 153 (Figure S5). The data was 

therefore obtained indicate that the c.441G>A p.(Met147Ile) mutation of the SLC26A4 gene, which arose 

in an evolutionarily conserved region, can lead to the manifestation of diseases associated with a func-

tional disruption of the core domain of the pendrin protein (SLC26A4). 

 

 

Figure S5. The result of alignment of 14 amino acid sequences localized in α3-helix TMD among vertebrate organ-

isms. 

Note. The α3-helix TMD amino acid sequence comparison (from Pro142 to Met155) was performed on a 

sample of pendrin protein homologues from 11 vertebrate organisms (Mammalia) obtained in the FASTA 

data format (https://www.ncbi.nlm.nih.gov/protein/?term =SLC26A4). As a result, the sequence was 

highly conserved starting from amino acid positions 142 to 153. The 147 amino acid position of the 

SLC26A4 protein is highlighted in red. * - conservative amino acid positions. 

 

Missense Variants of the SLC26A4 Gene Leading to the Replacement of Methionine at 147 Amino Acid 

Position of the Pendrin 

In addition, three more missense variants of the SLC26A4 gene are known that lead to the re-

placement of methionine at amino acid position 147 of the pendrin: c.439A>C p.(Met147Leu), c.439A>G 

p.(Met147Val) and c.440T>C p.(Met147Thr). These variants have clinically confirmed pathogenic signifi-

cance and are found mainly among European and Asian populations (Table S3). Accordingly with 

ACMG recommendation nucleotide changes in similar amino acid position have a strong pathogenic sig-

nificant [1, 25]. The conflict in the interpretation of the pathogenicity of the c.441G>A p.(Met147Ile) vari-

ant is probably due to the fact that it was previously found only in the heterozygous state in patients with 

EVA [15, 16]. 



 

Table S3. Missense variants of the SLC26A4 gene leading to the replacement of methionine at 147 amino acid position 

of the pendrin. 

 
Missense replace-

ment in 147 position 

of SLC26A4 
dbSNP Condition(s) 

Clinical signifi-

cance 

(ClinVar) 

Allelic frequency in the world 

(gnomAD) 

Reference 
Nucleo-

tide 

change 

Protein 

change 
Total 

Highest oc-

currence 

c.439A>C Leu - Not provided 

Likely patho-

genic 

(Aug 27, 2021) 

- - 

https://www

.ncbi.nlm.nih

.gov/clinvar/

varia-

tion/1067001

/?new_evide

nce=true 

c.439A>G Val rs760413427 

Not provided, 

Autosomal re-

cessive nonsyn-

dromic hearing 

loss 4 

Pathogenic 

(Sep 1, 2021) 

0.000007953 

(2 of 251464) 

East Asia: 

0.0001087 

(2 of 18394) 

[17-21] 

c.440T>C Thr rs1554354787 

Autosomal re-

cessive nonsyn-

dromic hearing 

loss 4, Pendred 

syndrome 

Likely patho-

genic 

(Feb 13, 2018) 

- - [22-24] 

c.441G>A Ile rs201905280 

Not provided,  

Not specified, 

Pendred syn-

drome, 

Autosomal re-

cessive nonsyn-

dromic hearing 

loss 4 

Conflicting 

interpretations 

of pathogenici-

ty 

(Nov 20, 2021) 

0.0005692 

(161 of 

282870) 

Europe 

(Finns): 

0.005135 

(129 of 25124) 

[15, 16] 

Note. The c.441G>A p.(Met147Ile) variant in the SLC26A4 gene with uncertain significance highlighted is 

bold. 

 

Thus we concluded that the analyzed missense substitution p.Met147Ile of the pendrin protein 

(SLC26A4) theoretically does not violate the structural stability. To date, there is incomplete data on the 

causal relationship of the observed phenotypes with the mutation in question. However, if such a link is 

established, it is likely that the pathogenic effect of the p.(Met147Ile) mutation occurs at the functional 

level. This is due to the fact that p.(Met147Ile) is located in a critical region of the core domain (an evolu-

tionarily conserved region of the TM α3-helix), disruption of which can lead to improper substrate 

transport or the appearance of toxic conformations. 

 

Pathogenicity classification of the c.441G>A p.(Met147Ile) variant in the SLC26A4 gene, according to 

ACMG recommendations 

As a result, the pathogenicity of the c.441G>A p.(Met147Ile) variant in the SLC26A4 gene is classi-

fied in this work as “likely pathogenic”, in accordance with the hereditary forms of hearing loss adapted 

criteria recommended by the ACMG [24, 25] (Table S4). The studied variant was previously described as 

variant with uncertain significance (VUS). 



 

Table S4. Pathogenicity criteria of the c.441G>A p.(Met147Ile) variant in the SLC26A4 gene, according to ACMG with 

HL-EP Specifications [1, 25]. 

Pathogenic criteria 
The c.441G>A p.(Met147Ile) variant in the 

SLC26A4 gene 

Strong 

PM5 Missense change at same co-

don as two different pathogenic 

missense variants 

There are three known pathogenic missense var-

iants at 147th amino acid position of the SLC26A4 

protein [Table S3] 

Supporting 

PM2 Low MAF in population da-

tabases <0.0007 (0.07%) for autoso-

mal recessive diseases  

The frequency of the с.441G>A p.(Met147Ile) var-

iant in the SLC26A4 gene in gmomAD database is 

161/282870 (0.0005692) (<0.07%) [Table S1] 

PP2 Missense variant in a gene that 

has a low rate of benign missense 

variation and in which missense 

variants are a common mechanism 

of disease 

The SLC26A4 gene has been characterized as a 

gene that has a low level of benign missense vari-

ations and missense variants are common mech-

anism of disease in this gene [25] 

PP3 Multiple lines of computation-

al evidence support a deleterious 

effect on the gene or gene product 

Deleterious effect was shown by four pathogenic-

ity prediction tools (SIFT, Polyphen-2, 

PROVEAN, Mutation Taster) (Table S2) + other in 

silico evidence [Chapter 2] 

Interpretation 
1 Strong (PM5) + 3 Supporting 

(PM2+PP2+PP3) 
Likely pathogenic 
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