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ABSTRACT 45 

Background: Diaphanous-related formins1 (DIA1), which assembles the unbranched actin 46 

microfilament and microtubule cytoskeleton, is encoded by DIAPH1. Constitutive activation by 47 

the disruption of autoinhibitory interactions between the N-terminal diaphanous inhibitory 48 

domain (DID) and C-terminal diaphanous auto regulatory domain (DAD) dysregulates DIA1, 49 

resulting in both hearing loss and blood cell abnormalities. Methods and Results: Here, we 50 

report the first constitutively active mutant in the DID (p.A265S) of humans with only hearing 51 

loss, and not blood cell abnormality through whole exome sequencing. The previously reported 52 

DAD mutants and our DID mutant (p.A265S) shared the finding of diminished autoinhibitory 53 

interaction, abnormally-upregulated actin polymerization activity, and increased localizations at 54 

the plasma membrane (PM). However, the obvious defect in the DIA1-driven assembly of 55 

cytoskeleton ‘during cell division’ was only from the DAD mutants, not from p.A265S, which 56 

did nor show any blood cell abnormality. We also evaluated the five DID mutants in the 57 

hydrophobic pocket since four of these five additional mutants were predicted to critically 58 

disrupt between the DID and DAD. These additional pathogenic DID mutants revealed varying 59 

degrees of defect in the DIA1-driven cytoskeleton assembly including nearly normal phenotype 60 

during cell division as well as obvious impaired autoinhibition, again coinciding with our key 61 

observation in DIA1 mutant (p.A265S) in the DID.  62 

Conclusion: Here, we report the first mutant in the DID of humans with only hearing loss. 63 

The differential cell biological phenotypes of DIA1 during cell division appear to be potential 64 

determinants of the clinical severity of DIAPH1-related cytoskeletopathy in humans. 65 

  66 
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INTRODUCTION 67 

DFNA1 [MIM: 124900] is the first non-syndromic, autosomal dominant deafness locus reported 68 

in the literature, which is caused by alterations of DIAPH1 [1]. The DIAPH1 gene encodes 69 

Diaphanous-related formins 1 (DIA1), which includes the GTPase binding domain (GBD), 70 

diaphanous inhibitory domain (DID), diaphanous autoregulatory domain (DAD), and formin 71 

homology domains (FH1 and FH2). These formins are known to efficiently assemble the 72 

unbranched/straight actin microfilament and microtubule cytoskeleton into certain architectures 73 

for several functions [2-4].  74 

Interestingly, the pathogenic DIAPH1 variants detected in the DAD, p.R1213X/p.R1204X 75 

and p.A1210SfsX31, have been shown to be associated with blood cell abnormalities, such as 76 

macrothrombocytopenia (MTC) and neutropenia, [5-7] as well as with hearing loss [5 8]. This 77 

suggests that DFNA1 is actually a syndromic disease. Specifically, DFNA1 due to p.R1213X has 78 

been reported to be associated with reduced proplatelet formation from the cultured 79 

megakaryocytes (MKs) cell as well as with increased filamentous actin and stable microtubules 80 

from the platelets [5 8]. This blood cell phenotype was even shown to be progressive [5-7]. 81 

Very recently, the main pathophysiologic mechanism of hearing loss and blood cell 82 

phenotypes related to the pathogenic DIAPH1 variants was discovered to be the constitutive 83 

activation of DIA1 via molecular disruption of autoinhibitory interactions between the C-84 

terminal DAD and N-terminal DID [8], which can be released by an interaction with GTP-bound 85 

Rho in physiological conditions [9]. Indeed, rigorously characterized DFNA1 mutants, 86 

p.R1213X/p.R1204X, p.A1210SfsX31, p.A1210GfsX31, and p.E1192_Q1220del were located in 87 

the DAD [5 8 10]. Furthermore, various morphological abnormalities in stereocilia and 88 
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subsequent progressive hair cell loss in vivo have been observed, accounting for hearing loss 89 

caused by DAD mutants of DIA1[8]. 90 

However, despite essential contribution of the DID to this crucial autoinhibitory function in 91 

DIA1, no pathogenic variants in DIAPH1 ever resided in the DID. Furthermore, the exact critical 92 

cell biological mechanisms that lead to altered megakaryopoiesis and platelet cytoskeletal 93 

dysregulation due to constitutive activation of DIA1 have not been fully elucidated yet.  94 

In our present study, we characterize the first human pedigree carrying a pathogenic allele in 95 

the DID of DIAPH1 and propose that the differential degree of functional alteration in DIA1 in 96 

dividing cells accounts for the phenotypic variability of DFNA1. 97 

 98 

METHODS 99 

Human subjects and audiometric evaluation 100 

All procedures in this study were approved by the Institutional Review Boards of Seoul National 101 

University Bundang Hospital (IRB-B-1007-105-402). Written informed consent was obtained 102 

from all subjects. In the case of minors, written informed consent was obtained from parents or 103 

guardians. One multiplex Korean family (SB206) with segregation of perilingual, bilaterally 104 

symmetrical, downsloping hearing loss in an autosomal dominant fashion was included in this 105 

study. Among the SB206 family members, six individuals participated in the study (Figure 1A). 106 

Pure-tone audiometry was performed on III:4, II:2, II:1, III:1, III:2, and III:3 with the air and 107 

bone conduction thresholds obtained at frequencies of 250–8000 Hz, as previously described [11 108 

12]. Pure-tone audiograms for the two affected individuals are presented (Figures 1B). II:1 109 

(Father) and III:4 (daughter) showed bilateral, severe, and symmetrical sensorineural hearing 110 

loss (SNHL). Both affected subjects denied significant progression of hearing loss over time. 111 
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SNHL was most prominent in mid-to-high frequencies, with the mean threshold level of low 112 

frequencies being the lowest. However, the degree of hearing loss was slightly different among 113 

family members, manifesting intrafamilial variability. Specifically, auditory rehabilitation by 114 

hearing aid was sufficient for II:1, while III:4 had cochlear implantation operation for successful 115 

speech development. 116 

 117 

Genetic analysis 118 

Exome sequencing from the proband SB206-400 was performed, and bioinformatics analyses 119 

were done, as previously described [13-15]. The obtained reads were mapped onto the UCSC 120 

hg19 reference genome assembly, employing Lasergene 14 software package (DNASTAR, 121 

Madison, WI, USA).  122 

The global MAF was identified, looking up to 1000 Genomes, Exome Aggregation 123 

Consortium (ExAC), NHLBI Grand Opportunity Exome Sequencing Project (GO-ESP), and 124 

genome aggregation database (gnomAD). The allele frequency in ethnicity-matched controls was 125 

calculated by checking the candidate variants against the Korean Reference Genome Database 126 

(KRGDB) that consists of 1722 Korean individuals. In addition, the pathogenicity of each 127 

variant was predicted by the SIFT, PolyPhen-2, Mutation Taster and we excluded SNPs that did 128 

not coincide with the autosomal dominant pattern. The remaining candidate SNPs were validated 129 

in other family members (II:1, II:2, III:1, III:2, III:3) by Sanger sequencing and scores of PhyloP, 130 

GERP++, CADD, and REVEL were further pursued. 131 

 132 

Plasmids 133 
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Human DIAPH1 generates two kinds of isoforms derived from alternative splicing, DIAPH1-134 

isoform 1 (DIA1-1) (NM_005219) (NP_005210) and DIAPH1-isoform 2 (DIA1-2) 135 

(NM_001079812) (NP_001073280): DIA1-2 lacks exon 2 consisting of 27 base pairs, resulting 136 

in 9 amino acids (aa) shorter isoforms than DIA1-1 [16]. As a result, the same variant can have a 137 

different nomenclature depending on the isoform, such as p.R1213X (NM_005219) [5] and 138 

p.R1204X (NM_001079812) [8].  139 

To examine the function of DIA1-1 mutant, p.A265S, we made plasmids that expressed the 140 

AcGFP-tagged wild-type (WT) and various mutants of DIA1-1. Those included the p.R1213X 141 

and p.M1199D variants that made DIA1 constitutively active by inducing the disruption of the 142 

autoinhibitory DID-DAD interaction [8 17]. The former was detected in human patients, while 143 

the latter was a hypothetical variant not found in humans, which was included only as an extreme 144 

pathogenic control. The hydrophobic face of the DAD defined by the M1199DxLLxxL1206 145 

consensus sequence binds to a shallow hydrophobic groove on the DID [18 19]. The five 146 

hypothetical variants in the DID (p.I231T, p.I231R, p.L262T, p.L262E, and p.E273R) were 147 

chosen for additional expression vectors, based on the analysis of 3D structure of DID/DAD 148 

interface. Ile231 and Leu262 are hydrophobic residues that form the hydrophobic pocket on the 149 

DID together with Ala265 necessary for binding to the hydrophobic face of the DAD (Figure 150 

S1), while Glu273 was reported not to be associated with the DID-DAD interaction [17]. 151 

 152 

Pull-down assay 153 

Purified GST-DID, GST-DID(A265S), GST-DID(I231T), GST-DID I231R), GST-DID(L262T), 154 

GST-DID(L262E), and GST-DID(E273R) proteins were obtained, as previously described [20]. 155 
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For quantitative assessment of the immunoreactive band, ImageJ software (National Institutes of 156 

Health) was used. 157 

 158 

Live cell imaging using fluorescence single-molecule speckle (SiMS) microscopy  159 

Fluorescence SiMS microscopy was performed, as previously described [8 21]. The cells 160 

expressing a low amount of AcGFP-tagged DIA1 proteins were observed, illuminating restricted 161 

areas near the edges of the cells. The density of speckles showing directional movement was 162 

calculated for each cell, and normalized by the fluorescent intensity of the cell edge, which 163 

corresponds to expression levels of AcGFP-tagged DIA1 proteins.  164 

 165 

Statistical analysis 166 

All data are presented as the mean ± SEM. One-way ANOVA followed by Tukey’s multiple  167 

comparisons test was performed using Prism 6.0 software (GraphPad); P < 0.05 was considered  168 

statistically significant. 169 

 170 

RESULTS 171 

 172 

Genetic diagnosis 173 

After the initial filtering step, 14 variants from 13 known deafness genes were selected as 174 

candidate pathogenic variants for III:4 (Supplementary Table S1).  175 

Next, we excluded the variants residing in SLC26A5, KCNQ1, OTOGL, MYO15A, 176 

LOXHD1, and TSPEAR, which – if mutated – are known to cause hearing loss in autosomal 177 

recessive inheritance. Among the remaining variants, only c.G793T (p.A265S) of DIAPH1 178 
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(NM_005219) perfectly co-segregated with deafness in other family members (II:1, II:2, III:1, 179 

III:2, III:3), as documented by Sanger sequencing (Figures 1A-C).  180 

The p.A265 residue was highly conserved among several species down to hydra (Figure 181 

1D) and absent from 1000 Genomes, ExAC, GO-ESP, gnomAD, and KRGDB, suggesting its 182 

pathogenic potential. The pathogenic potential of the p.A265S variant of DIAPH1 was predicted 183 

to be highly deleterious, as suggested by in silico prediction softwares: SIFT, Polyphen2, 184 

Mutation Taster, PhyloP, GERP++, CADD, and REVEL, further supporting its pathogenic effect 185 

(Supplementary Table S1 and Table 1). Given this, p.A265S can be classified as a likely 186 

pathogenic variant [22 23]. Variant information has been deposited in LOVD under variant ID 187 

0000453012 (https://www.lovd.nl) 188 

 189 

Normal blood cell phenotype of SB206 190 

Given that previous reports elucidated the tight association between the analyzed DFNA1 191 

variants and blood cell abnormalities – especially platelet abnormality [5-7 24], we also 192 

examined the blood cell phenotype of SB206, expecting a similar blood cell phenotype.     193 

Interestingly, serial evaluation of the phenotype of blood cells, including platelets from both 194 

III:4 and II:1, revealed that the number, shape, and size of platelet, as well as the number of 195 

white blood cells and red blood cells were perfectly normal (Figure S2). This result was in sharp 196 

contrast with the p.R1213X variant of DIAPH1, which was tightly associated with MTC and 197 

other blood cell abnormalities.       198 

 199 

Diminished autoinhibitory DID-DAD interaction in DIA1(A265S) 200 

Since p.A265 resides in the DID, which is a counterpart of the DAD in the intramolecular 201 

https://www.lovd.nl/
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autoinhibitory interaction of DIA1 [25], we suspected a disruption of the DID-DAD interaction in 202 

p.A265S.  203 

The autoinhibitory DID-DAD interaction was significantly and statistically weaker in the assay 204 

using DID(A265S) than that using WT DID (Figure 2A), suggesting that the p.A265S variant is 205 

pathogenic and most likely a constitutively active mutant. However, the DID-DAD interaction for 206 

autoinhibition in the DID (A265S) was still markedly stronger than those using either 207 

DAD(R1213X) or DAD(M1199D), possibly revealing the order of potential pathogenic and 208 

constitutive activities: p.A265S < p.1213X and p.M1199D (Figure 2B).  209 

 210 

Enhanced phalloidin staining in AcGFP-DIA1(A265S)-expressing cells during non-dividing 211 

phase 212 

Given the diminished autoinhibitory DID-DAD interaction in the DID(A265S), as shown by the 213 

pull-down assay, we aimed to test the pathogenic potential of DIA1(A265S) using HeLa cells 214 

during the non-dividing phase. Previously, our group reported that the plasma membrane (PM) 215 

localization of GFP-tagged DIA1 is one of the surrogate markers of constitutive active DIA1 or 216 

even pathogenic DIA1 [8].  217 

In our present study, some – if not all – AcGFP-DIA1(A265S)-expressing cells showed PM 218 

localization in sharp contrast with no PM localization of WT AcGFP-DIA1, further indicating 219 

the pathogenic potential of AcGFP-DIA1 (A265S) (Figures 3A-B). To explore the functional 220 

outcome of mutant DIA1 expressing cells, we performed phalloidin staining. Intriguingly, unlike 221 

AcGFP-DIA1, the cells expressing AcGFP-DIA1(A265S) and AcGFP-DIA1(R1213X) showed 222 

significantly enhanced phalloidin staining at the outlines of the cells compared with the 223 

surrounding non-expressing cells. Enhanced phalloidin staining at the outlines of the cells of 224 
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these two mutant proteins were similar (Figure 3B). Additionally, AcGFP-DIA1(A265S) – but 225 

not AcGFP-DIA1 – showed a localization to the tips of filopodia (Figure 3B inset). 226 

Furthermore, AcGFP-DIA1(M1199D)-expressing cells showed markedly enhanced stress 227 

fiber formation, while none of the AcGFP-DIA1, AcGFP-DIA1(A265S), and AcGFP-228 

DIA1(1213X) showed such finding (Figure 3B). Such enhanced phalloidin staining was 229 

indicative of constitutive activity of these mutants in actin polymerization, and the cells with 230 

such enhanced phalloidin staining showed increased PM localization of AcGFP-DIA1 mutants. 231 

To quantitatively show the PM localization of AcGFP-DIA1(A265S), AcGFP-232 

DIA1(R1213X), and AcGFP-DIA1(M1199D), the number of cells showing either PM 233 

localization or dot-like localization near the PM of each AcGFP-DIA1 protein/total number of 234 

cells expressing each AcGFP-DIA1 protein was calculated as a percentage: the order was 235 

AcGFP-DIA1(M1199D) > AcGFP-DIA1(R1213X) > AcGFP-DIA1(A265S) > AcGFP-DIA1; 236 

however, there was no statistical difference between p.R1213X and p.M1199D (Figure 3C).  237 

Taken together, the hypothetical constitutively active mutant, p.M1199D, was the most 238 

active among p.A265S, p.R1213X, and p.M1199D, consistent with previous reports [8 17]. In 239 

addition, p.M1199D showed the strongest PM localization, suggesting that the pathogenic effect 240 

of these mutant DIA1 proteins may be associated with PM localization. 241 

 242 

Abnormally-upregulated actin elongation activity of DIA1(A265S) molecules in living cells 243 

Based on the constitutively active characteristics of AcGFP-DIA1(A265S), as shown in the pull-244 

down assay and immunohistochemistry, we aimed to detect the abnormally-upregulated actin 245 

elongation/polymerization activity in living cells. Previous fluorescence single-molecule speckle 246 

(SiMS) microscopy study in living cells revealed that the directional movement shown in the 247 
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activated GFP-DIA1 molecules was based on their processive actin-polymerization activity [26]. 248 

In other words, a few directionally-moving speckles are observed in the cells expressing WT 249 

GFP-DIA1, and the frequency of moving speckles significantly increases after microinjection of 250 

active RhoA mutant [26]. We observed that the XTC cells expressed AcGFP-DIA1(A265S), WT 251 

AcGFP-DIA1, AcGFP-DIA1(R1213X), and AcGFP-DIA1(M1199D), respectively, using SiMS 252 

microscopy (Figures 4A-D, Movies S1-S4).  253 

Moving speckles were rarely observed in cells expressing AcGFP-DIA1 (Figure 4A, Movie 254 

S1), reflecting static balance via the autoinhibitory DID-DAD interaction. In contrast, 255 

directionally-moving speckles were the most frequently observed in cells expressing the 256 

hypothetical mutant, AcGFP-DIA1(M1199D) with significantly impaired DID-DAD interaction 257 

(Figure 4D, Movie S4). Moving speckles in AcGFP-DIA1(A265S) and another mutant control 258 

AcGFP-DIA1(R1213X) were not as frequently observed as those in AcGFP-DIA1(M1199D); 259 

however, they were more frequently observed than those in AcGFP-DIA1. The density of 260 

moving speckles seemed similar between cells expressing AcGFP-DIA1(A265S) and AcGFP-261 

DIA1(R1213X) (Figures 4B-C, Movies S2-3). 262 

For semi-quantitative comparison, the densities of moving speckles were determined in 263 

multiple cells, and normalized by their expression levels (Figure 4E). The 18-fold increase in the 264 

density of directionally-moving speckles from p.A265S compared with WT was noted (p = 265 

0.0014). However, the densities of the moving speckles between p.A265S and p.R1213X were 266 

calculated to be statistically similar (P > 0.9999). 267 

 268 

Accumulation of AcGFP-DIA1(A265S) at the spindle and contractile ring and findings 269 

from other mutant DIA1 proteins during cell division phase 270 
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We examined the important aspects required for successful cell division, using HeLa cells 271 

expressing AcGFP-tagged WT and mutant DIA1 proteins: AcGFP, AcGFP-DIA1, AcGFP-272 

DIA1(A265S), AcGFP-DIA1(R1213X), and AcGFP-DIA1(M1199D). While AcGFP alone was 273 

not accumulated either at the spindle or at the contractile ring even with enhanced phalloidin 274 

staining at the contractile ring (Figure 5A), the cells expressing AcGFP-DIA1 showed an 275 

accumulation at the spindle, albeit not at the contractile ring (Figure 5B). Notably, AcGFP-276 

DIA1(A265S) was accumulated both at the spindle and contractile ring (Figure 5C), again 277 

reflecting the constitutively active characteristics and pathogenic potential. However, no definite 278 

PM localization of AcGFP-DIA1(A265S) was noted. Trafficking of murine DIA1 to the spindle 279 

[27] and contractile ring during cell division [28] were consistent with previous reports. Thus, 280 

AcGFP-DIA1(A265S) more easily moves to the target sites, such as the spindle and contractile 281 

ring, where DIA1 functions, than AcGFP-DIA1 (see Figure 3B showing targeting of AcGFP-282 

DIA1(A265S) to the tips of filopodia). In contrast, the cells expressing known mutant controls, 283 

AcGFP-DIA1(R1213X) and AcGFP-DIA1(M1199D), showed strong PM localization and 284 

asymmetrical accumulation at the contractile ring (Figures 5D-F). AcGFP-DIA1 (R1213X) was 285 

also accumulated at the spindle in the metaphase; however, many of the cells expressing AcGFP-286 

DIA1(M1199D) were floating and dead in the metaphase and thus not accumulated at the spindle 287 

(Figures 5G).  288 

These findings were consistent with the significantly decreased expression levels of AcGFP-289 

DIA1(M1199D) compared with AcGFP-DIA1, AcGFP-DIA1(A265S), and AcGFP(R1213X) 290 

(Figure 3A). Additionally, more physiological behaviors of AcGFP-DIA1(A265S) not 291 

accompanied by strong PM localization and asymmetrical accumulation at the contractile ring 292 

during cell division may also be compatible with normal blood cell phenotypes related to 293 
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p.A265S of DID in humans. To determine if this weaker pathogenicity of p.A265S of DID is 294 

universal throughout all the DID residues related to the DID-DAD interaction, we examined five 295 

additional variants in the DID, including the one (p.E273R) predicted to not be associated with 296 

the DID-DAD interaction. In the pulldown assay, GST-I231T, GST-I231R, GST-L262T, and 297 

GST-L262E — whose mutated residues are located in the binding surface of the DID against the 298 

DAD — showed impaired binding to the DAD, except GST-E273R; the order of the binding 299 

strength was as follows: I231R, L262E < I231T < A265S < L262T < E273R (Figure S3). In the 300 

HeLa cells, AcGFP-DIA1(I231T), AcGFP-DIA1(I231R), and AcGFP-DIA1(L262E), but not 301 

AcGFP-DIA1(L262T) or AcGFP-DIA1(E273R), showed enhanced phalloidin staining and PM 302 

localization (Figure S4). Furthermore, AcGFP-DIA1(I231T), AcGFP-DIA1(I231R), and 303 

AcGFP-DIA1(L262E), but not AcGFP-DIA1(L262T) or AcGFP-DIA1(E273R), were 304 

accumulated at the contractile ring, which was also not observed in the controls (AcGFP and 305 

AcGFP-DIA1) (Figure S5 and Figure 5). Data regarding the accumulation of controls (AcGFP 306 

and AcGFP-DIA1) and AcGFP-DIA1 mutants at the contractile ring was shown in the 307 

cumulative bar graph (Figure S5G). The p.I231T mutant, in which the hydrophobic Isoleucine 308 

was changed into the hydrophilic and non-charged residue as in the change of p.A265S mutant, 309 

showed the most phenotypic similarities with the p.A265S mutant among the additional variants 310 

in the pull-down assay and cell biological studies in the non-dividing and dividing phase. The 311 

p.I231R mutant, in which the hydrophobic Isoleucine was changed into the positively charged 312 

residue, showed the greatest phenotypic similarities with the p.R1213X mutant in these three 313 

kinds of assays. The p.L262T mutant, in which the hydrophobic Leucine was changed into the 314 

hydrophilic but non-charged residue exactly the same as in the change of p.A265S mutant, 315 

manifested milder but obvious impairment of the DID-DAD interaction [17] (Figure S3B), 316 
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likely leading to at least DFNA1, if it happens in a real human patient.  Interestingly, it also 317 

showed neither enhanced phalloidin staining nor accumulation at the contractile ring, presumably 318 

leading to a normal blood cell phenotype in a real human patient.  319 

 320 

DISCUSSION 321 

Despite the indispensable contribution of the DID to the crucial autoinhibitory function in DIA1, 322 

none of the reported variants to date in DIAPH1 resided in the DID. They had been detected 323 

exclusively in the domains of FH1, FH2, DAD, or just around it [1 8 13 29]. In this study, 324 

p.A265S located in the DID of DIAPH1 was proposed as a causative pathogenic variant of 325 

hearing loss in SB206 after the rigorous filtering process of candidate variants obtained from 326 

exome sequencing. The HL-specific ACMG/AMP rules indicated that p.A265S is likely 327 

pathogenic [23].  328 

Interestingly, the Ala265 residue, which corresponds to Ala256 in murine DIA1 329 

(NP_031884), along with Leu172, Asn226, Asn227, Gln361, and Asn319 (NP_005210) has been 330 

predicted by 3D structural studies to contribute to highly conserved patch that forms a concave 331 

and surface representing the DID structure, which binds to an amphipathic helix of the DAD 332 

segment [18 30] (Figure S1). Furthermore, Met1199 in the conserved DAD core region 333 

(M1199DxLLxxL1206) makes an hydrophobic interaction between the hydrophobic pocket on the 334 

DID formed by Met225, Ile231, Leu262, and Ala265 [18]. Indeed, a point mutation in 335 

hydrophobic Ala265 into Asp (D), a hydrophilic and negatively charged residue, drastically 336 

decreased the DID-DAD interaction [17 31]. Our novel variant results in a change of Ala265 into 337 

Ser (S), a hydrophilic but non-charged residue, suggesting that the A265S mutant would be, if 338 

not as A265D, apparently pathogenic. Thus, even without functional data analysis, the results of 339 
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molecular modeling strongly suggest that the p.A265S mutant would be pathogenic by 340 

specifically impairing the DID-DAD interaction, which is crucial for DIA1 autoinhibition. 341 

Our present study is particularly intriguing because we discovered a real family segregating 342 

the hypothetical variant that had been theoretically predicted – via a 3D-structural analysis more 343 

than a decade ago – to be devastating for protein function [17 18]. In accordance with the 344 

prediction, the DIA1(A265S) mutant showed the enhanced actin polymerization accompanied 345 

with the localizations at the PM and filopodia tips in the transfected cells, diminished the 346 

autoinhibitory DID-DAD interaction as detected by pull-down assay, and abnormally 347 

upregulated the actin polymerization activity as detected by SiMS. This clearly suggests that 348 

p.A265S is pathogenic and entitles this variant to be the first DFNA1 variant detected from the 349 

DID. This tendency was further confirmed in experiments using the hypothetical DID variants 350 

harboring Ile231 and Leu262 residues critical for the DID-DAD interaction just like the Ala265 351 

residue as predicted by the 3D structural analysis. Interestingly, recently published ‘variant 352 

interpretation guidelines for genetic hearing loss’ curated by the expert panel postulated that the 353 

phenotype of DIAPH1-related hearing loss is autosomal dominant hearing loss with 354 

macrothrombocytopenia [23]. Without rigorous functional analysis, the postulate may have 355 

jeopardized our hypothesis that p.A265S of DIAPH1 is the cause of hearing loss in SB206, since 356 

macrothrombocytopenia was not observed from SB206. 357 

We had previously reported that the PM localization of DIA1 is one of the surrogate 358 

markers of active or pathogenic DIA1 based on the results obtained from confocal microscopic 359 

studies and SiMS experiments [8]. In the previous study, we consistently showed that DIA1 360 

(R1213X)/ DIA1(R1204X) is a constitutively active mutant, but definitely milder than 361 

DIA1(M1199D). Herein, PM localization – both in the dividing and non-dividing phases of cells 362 
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– and impairment of the DID-DAD interaction were significantly more prominent in p.R1213X 363 

than in p.A265S. 364 

Intriguingly, p.R1213X/p.R1204X, p.A1210SfsX31, p.A1210GfsX31, and 365 

p.E1192_Q1220del, the main DFNA1 mutants, both showed their pathogenic potential, 366 

suggesting an association with blood cell abnormalities, like MTC [5-7 10]. The disrupted DID-367 

DAD interaction and reduced proplatelet formation from cultured MKs was previously reported 368 

for p.R1213X [5 8]. The first reported DFNA1 variant, c.3661+1G>T, [1] has not been reported 369 

to cause MTC. However, this DFNA1 variant affected the residues downstream to the DAD, 370 

raising the possibility of being irrelevant to the disrupted DID-DAD interaction. The two 371 

missense variants, p.P678S in the FH1 domain [13] and p.I530S in the coiled-coil domain [32] of 372 

DIAPH1 have been reported; however, the pathogenic potential of these variants remain 373 

somewhat elusive, and the blood cell phenotype was not evaluated in their reports. Therefore, the 374 

p.A265S variant may be the first and only pathogenic DFNA1 variant that is confirmed not to 375 

accompany the blood cell phenotype, indicating non-syndromic sensorineural hearing loss.  376 

This less severe phenotype, which is related to p.A265S, compared with the phenotype 377 

previously reported for DFNA1mutants, such as p.R1213X/p.R1204X and p.A1210SfsX31, is 378 

supported by the quantitative data where the degree of PM localization and disruption of DAD-379 

DID interaction by p.A265S is significantly milder than those of p.R1213X. However, the degree 380 

of hearing loss between the two variants (p.A265S vs p.R1213X) did not seem different. The 381 

pathogenic outcomes resulting from the disrupted DID-DAD interaction and prominent PM 382 

localization, if they go beyond a certain point, may have a ceiling effect, especially in non-383 

dividing cells, such as the inner ear hair cells, leading to a similar hearing status with p.A265S 384 

and p.R1213X.  385 



17 

In contrast, the effect appears to be manifested more sensitively in a dose-dependent manner 386 

from the cells in the dividing phase; and more diverse findings, such as asymmetric 387 

accumulation of DIA1 mutants (p.R1213X and p.M1199D) at the contractile ring, were observed 388 

in the dividing phase of the cells. Therefore, these biological differences of the cells may become 389 

evident and manifested phenotypically only through the blood cells going through frequent cell 390 

division [5-7 33]. Unlike the major cells in the inner ear, such as hair cells and spiral ganglion 391 

cells that are related to hearing function and are fundamentally unable to proliferate or regenerate 392 

after birth, blood cells can divide, resulting in a much shorter lifespan. For example, the lifespans 393 

of platelets, neutrophils, and erythrocytes are 8~10 days [34], 8 hours to 5.4 days [35], and 394 

approximately 120 days [36], respectively. This information suggests that cell division is at least 395 

one of the important candidate steps that, if altered, can account for the phenotypes of blood cells 396 

in DFNA1 patients. Indeed, we observed different, but more physiological, behaviors of 397 

p.A265S during cell division compared with p.R1213X and p.M1199D, which was consistent 398 

with non-syndromic feature of p.A265S-based DFNA1. Previously, the essential role of murine 399 

DIA2 at the cleavage furrow/contractile ring during cytokinesis of proerythroblasts was reported 400 

[37]. Therefore, our results suggest that the abnormal and significantly dysregulated PM 401 

localization of DIA1 mutants (p.R1213X and p.M1199D) at the metaphase disturbs homeostatic 402 

cytokinesis of blood cells, which may be coordinated by DIA1 and DIA2. To evaluate whether 403 

the less severe disruption of cytoskeletal assembly during cell division related to the p.A265S 404 

mutant is universal throughout the DID residues involving the DID-DAD interaction, we 405 

examined five additional variants in the DID (p.I231T, p.I231R, p.L262T, p.L262E, and 406 

p.E273R), including the one (p.E273R) predicted not to be associated with the DID-DAD 407 

interaction. As expected, the four additional variants that were predicted to significantly affect 408 
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the DID-DAD interaction by 3D modeling showed variable degrees of impairment of the DID-409 

DAD interaction; this further supports our hypothesis that DID mutants could cause DFNA1. 410 

Interestingly, the four additional DID mutants affecting the DID-DAD interaction showed a wide 411 

phenotypic spectrum with respect to the defect in cytoskeleton assembly during cell division. 412 

The p.L262T mutant showed no defect, while the p.I231R mutant manifested the most severe 413 

defect, comparable to p.R1213X in the DAD domain. The degree of dysregulated cytoskeleton 414 

assembly of p.I231T and p.L262E fell between them, the cell biological phenotype of p.I231T 415 

being most similar to that of p.A265S. Our results suggest that the absence of blood cell 416 

phenotypes in the DID mutants depends on the mutated sites and changed residues of the DID, 417 

which led to a differential degree of defect in cytoskeleton assembly during cell division.  418 

In the present study, there was a paradox: the SiMS experiments and phalloidin staining 419 

suggested that DIA1(A265S) and DIA1(R1213X) are similarly constitutively active, while the 420 

results from the pull-down assay, PM localization, and cell division-phase data suggested a 421 

milder pathogenic potential of DIA1(A265S) than DIA1(R1213X). Which should we rely more 422 

on to correlate with clinical findings? The PM localization of DIA1(R1213X) and 423 

DIA1(M1199D) were much more prominent than that of DIA1(A265S), even in the SiMS 424 

experiments (Figure 4). To quote, DIA1 molecules with the released inhibitory DID-DAD 425 

interaction likely have an “open” conformation, which possibly facilitates binding to actin 426 

through the FH1 domain [30] and/or interaction with the PM [25]. Our speculation is that DIA1 427 

mutant molecules located at the PM have strongly disrupted the DID-DAD interaction, thereby 428 

obtaining more pathogenic conformation and activity than those located in the cytosol. However, 429 

the SiMS experiments evaluate the linear actin polymerization activity of DIA1 molecules only 430 

localized in the cytosol, indicating that the activity of DIA1 localized at the PM is unable to be 431 
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faithfully measured by SiMS. Thus, through the SiMS experiments, we probably failed to 432 

properly assess the difference in constitutive activity between the two mutants (DIA1(A265S) vs 433 

DIA1(R1213X)) with a different clinical severity. Therefore, a clear difference in blood cell 434 

phenotypes between DIA1(A265S) and DIA1(R1213X) may be better explained by the degree of 435 

PM localization.  436 

Taken together, our data obtained by the confocal microscopic study both in dividing and 437 

non-dividing cells, as well as the pull-down assay and SiMS experiments indicated that the 438 

DIA1(A265S) mutant is the constitutively active mutant of DIA1, along with DIA1(R1213X) 439 

and DIA1(M1199D), making p.A265S to be the first variant residing in the DID of DIAPH1. 440 

Non-syndromic feature related to p.A265S was consistent with relatively milder findings in 441 

dividing cells, indicating that p.A265S may be the first real non-syndromic DFNA1 variant that 442 

went through a rigorous study. Thus, we, for the first time in literature, elucidated that the 443 

differential dysregulation of DIA1 during the cell division phase can lead to the manifestation of 444 

different phenotypes in vitro. Further, we also showed the presence of obvious defect in DIA1-445 

driven assembly of cytoskeleton during cell division as a potential key determinant the clinical 446 

severity of DIAPH1-related cytoskeletopathy in humans. 447 
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Figure legends 602 

Fig. 1. A novel DIAPH1 variant residing in the DID.  603 

(A) Autosomal dominantly inherited sensorineural hearing loss (SNHL) is documented in a 604 

family (SB206). Black: affected, White: unaffected, M: male, F: female.  Numbers represent 605 

the age at tested. 606 

(B) The degree of hearing loss in II:1 (father) and III:4 (daughter) is severe SNHL and profound 607 

SNHL, respectively.  608 

(C) The p.A265S variant perfectly co-segregates with the SNHL phenotype among the six (two 609 

affected and four unaffected) members of family SB206. 610 

(D) The p.A265 residue is well conserved among the various species down to Hydra. 611 

 612 

Fig. 2. Diminished and disrupted DID-DAD interaction by p.A265S, p.R1213X, and 613 

p.M1199D, respectively.  614 

(A) Purified GST-tagged DID proteins (WT or p.A265S) were mixed with synthesized biotin-615 

labeled DAD peptides (WT, p.R1213X, or p.M1199D) in a binding buffer. After rotation, 616 

streptavidin-coupled magnetic beads were added to the solution, and the mixture was 617 

agitated. The materials absorbed to the beads were subjected to SDS-PAGE, followed by 618 

immunoblotting using an HRP-conjugated GST antibody. Note the significantly diminished 619 

binding between DID(A265S) and WT DAD, disrupted bindings between WT DID and 620 

DAD(R1213X), as well as between WT DID and DAD(M1199D), compared with that 621 

between WT DID and WT DAD. Comparable levels of input (GST proteins) are shown in 622 

the left side of the panel. Representative of 7 experiments. 623 
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(B) The DID-DAD interaction was quantified using an ImageJ software (n=7, ****P < 0.0001 624 

by one-way ANOVA followed by Tukey’s post hoc test). 625 

 626 

Fig. 3. Increased, but not as significant as in known constitutively active mutants, PM 627 

localization and enhanced phalloidin staining in AcGFP-DIA1(A265S) expressing HeLa 628 

cells.  629 

AcGFP-DIA1, AcGFP-DIA1(A265S), AcGFP-DIA1(R1213X), and AcGFP-DIA1(M1199D) 630 

were transfected into HeLa cells. 631 

(A) Forty-eight hours after transfection, the cell lysates were subjected to SDS-PAGE, followed 632 

by immunoblotting using an HRP-conjugated GFP antibody. Comparable loading of 633 

proteins is confirmed using an HRP-conjugated GAPDH antibody and expression levels of 634 

AcGFP-DIA1 (M1199D) was significantly decreased. Representative of 3 experiments. 635 

(B) AcGFP-DIA1(A265S), but not WT AcGFP-DIA1, shows weak plasma membrane (PM) 636 

localization (arrowheads). The localization of AcGFP-DIA1(A265S) at the tips of filopodia 637 

is shown by arrows in the magnified image of the region indicated by the rectangle. AcGFP-638 

DIA1(M1199D), but neither AcGFP-DIA1(A265S) nor AcGFP-DIA1(R1213X)-expressing 639 

cells show markedly enhanced stress fiber formation (asterisks). In contrast, AcGFP-640 

DIA1(A265S) and AcGFP-DIA1(R1213X)-expressing cells show enhanced phalloidin 641 

staining at the outlines of the cells (circles). AcGFP-DIA1(R1213X) and AcGFP-642 

DIA1(M1199D)-expressing cells show apparent PM localization (arrows). Scale bars: 10 643 

µm.  644 
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(C) The graph demonstrates the percentage of cells showing PM localization or dot-like 645 

localization near the PM (from 3 independent experiments, ****P < 0.0001 by one-way 646 

ANOVA followed by Tukey’s post hoc test). 647 

 648 

Fig. 4. Abnormal actin elongation activity of mutant DIA1 molecules in living cells. 649 

Directional movement of activated DIA1 molecules was visualized using fluorescence SiMS  650 

microscopy. Representative 300ms time-lapse images of XTC cells expressing AcGFP- 651 

tagged WT DIA1, DIA1 (A265S), DIA1 (R1213X), and DIA1(M1199D) were shown. (A– 652 

D) Directional movements of activated DIA1 molecules were indicated by circles and  653 

trajectories. The ends of the movements were shown by the crosses. Activated DIA1  654 

molecules were the most frequent in cells expressing AcGFP-DIA1(M1199D), followed by  655 

AcGFP-DIA1(A265S) and AcGFP-DIA1(R1213X). A few activated molecules were  656 

observed in the cells expressing WT AcGFP-DIA1. Time is in seconds. Scale bars are 5 µm.  657 

Movies are shown by supplemental data (Movies S1–S4). (E) The frequency of activated  658 

DIA1 molecules was compared quantitatively between WT and mutants. The density of  659 

directionally-moving speckles were calculated and normalized by the fluorescent intensity  660 

of cell edge, which reflects the expression level of AcGFP-tagged DIA1 protein (WT: n = 5;  661 

A265S: n = 5; R1213X: n = 4; M1199D: n = 5). Statistical analysis by one-way ANOVA  662 

showed P < 0.0001. Post-hoc Tukey’s multiple comparison test showed **P = 0.0014 (WT  663 

vs. A265S), *P = 0.0271 (A265S vs. M1199D), and P > 0.9999 (N.S., A265S vs. R1213X). 664 

 665 

Fig. 5. Accumulation of AcGFP-DIA1(A265S) at the spindle and contractile ring during cell 666 

division. 667 
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AcGFP, AcGFP-DIA1, AcGFP-DIA1(A265S), AcGFP-DIA1(R1213X), and AcGFP-668 

DIA1(M1199D) were transfected into the HeLa cells. Thirty hours after transfection, the cells 669 

were fixed and stained using Alexa568-conjugated phalloidin (red) and DAPI (blue). Arrows and 670 

double arrows indicate accumulation at the spindle and contractile ring of AcGFP-tagged DIA1 671 

proteins, respectively. Arrowheads indicate the enhanced phalloidin staining at the contractile 672 

ring. Scale bars: 10 µm. Representative of at least 3 experiments. 673 

 674 

(A) AcGFP shows no accumulation at the spindle or contractile ring. Note the enhanced phalloidin 675 

staining at the contractile ring. 676 

(B) AcGFP-DIA1 shows accumulation only at the spindle. 677 

(C) AcGFP-DIA1(A265S) shows accumulation both at the spindle and contractile ring. 678 

(D, E) AcGFP-DIA1(R1213X) shows accumulation both at the spindle and contractile ring (D), 679 

in contrast, AcGFP-DIA1(M1199D) shows accumulation only at the contractile ring (E). Both 680 

AcGFP-DIA1(R1213X) and AcGFP-DIA1(M1199D) show the plasma membrane localization 681 

(asterisks) in the metaphase, and asymmetric accumulation at the contractile ring (double 682 

arrows). 683 

(F-G) Graphs demonstrates the percentage of AcGFP-positive cells showing asymmetrical 684 

asymmetric accumulation at the contractile ring (F, n = 4) and the percentage of AcGFP-685 

positive floating and dead cells in the metaphase (G, n= 4), respectively. ****P < 0.0001, **P = 686 

0.0066 (A265S vs. R1213X), and **P = 0.0022 (R1213X vs. M1199D) by one-way ANOVA 687 

followed by Tukey’s post hoc test. 688 

 689 

  690 
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Supplementary information 691 

Supplementary Fig. S1. Crystal structure of the DID/DAD interface. 692 

(A) Surface representation of the DAD (PDB ID code 3o4x.1.D; A1191 to K1215) and the DID 693 

(PDB ID code 1z2c.1.B). (B) Residues M1199 (green), L1202 (dark red), and L1206 (blue) of 694 

the DAD (upper panel) bind with the residues A265 (pink), M225 (dark blue), I231 (solid red) 695 

and L262 (white) of the DID creating the autoinhibitory interaction between DID and DAD in 696 

DIA1-1 (lower panel). Protein sequence (NP_005210) and structures were analyzed by ExPASy 697 

(https://www.expasy.org/structural_bioinformatics) and the crystal 3D structures were created by 698 

ngl-tools (http://proteinformatics.charite.de/ngl-tools/ngl/html/ngl.html). 699 

 700 

Supplementary Fig. S2. Normal platelet morphology from carriers of DIAPH1 p.A265S 701 

variant. 702 

Peripheral blood smear staining of III:4 (F/5) (A) and II:1 (M/35) (B) shows normal sized 703 

platelet (black arrow). (C) Characteristics of blood cell phenotypes from two patients with the 704 

DIAPH1 variant (c.G793T:p.A265S): MPV, Mean Platelet Volume; PCT, Plateletcrit; PDW, 705 

Platelet Distribution Width; Hb, Hemoglobin; WBC, White Blood Cell; Seg.Neut., segmented 706 

neutrophil. 707 

 708 

Supplementary Fig. S3. Variously impaired DID-DAD interaction by hypothetical mutants 709 

in the DID: p.I231T, p.I231R, p.L262T, p.L262E.  710 

(A) Purified GST-tagged DID proteins (p.A265S, p.I231T, p.I231R, p.L262T, p.L262E, and 711 

p.E273R) were mixed with synthesized biotin-labeled WT DAD peptides in a binding buffer. 712 

After rotation, streptavidin-coupled magnetic beads were added to the solution, and the mixture 713 

was agitated. The materials absorbed to the beads were subjected to SDS-PAGE, followed by 714 

http://proteinformatics.charite.de/ngl-tools/ngl/html/ngl.html
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immunoblotting using an HRP-conjugated GST antibody. Note the significantly diminished 715 

binding between DID(A265S), DID(I231T), DID(I231R), DID(L262T) and DID(L262E) and 716 

WT DAD, compared with that between DID(E273R) and WT DAD. Comparable levels of input 717 

(GST proteins) are shown in the left side of the panel (Representative of 7 experiments). (B) The 718 

DID-DAD interaction was quantified using an ImageJ software (n=7, ****P < 0.0001 by one-719 

way ANOVA followed by Tukey’s post hoc test). 720 

 721 

Supplementary Fig. S4. PM localization and enhanced phalloidin staining in AcGFP-DIA1 722 

mutants: constitutively active I231T, I231R, L262E, expressing HeLa cells.  723 

AcGFP-DIA1(I231T), AcGFP-DIA1(I231R), AcGFP-DIA1(L262T), AcGFP-DIA1(L262E), and 724 

AcGFP-DIA1(E273R) were transfected into HeLa cells. Thirty hours after transfection, the cells 725 

were fixed and stained using Alexa568-conjugated phalloidin (red) and DAPI (blue). 726 

AcGFP-DIA1(I231T), AcGFP-DIA1(I231R), and AcGFP-DIA1(L262E), but not AcGFP- 727 

DIA1(L262T) or AcGFP-DIA1(E273R), show the weak plasma membrane (PM) localization  728 

(arrows) and enhanced phalloidin staining at the outlines of the cells (circles). Scale bars: 10 µm. 729 

 730 

Supplementary Fig. S5. Accumulation of AcGFP-DIA1 mutants, I231T, I231R, L262E, at 731 

the contractile ring during cell division. 732 

AcGFP-DIA1(I231T), AcGFP-DIA1(I231R), AcGFP-DIA1(L262T), AcGFP-DIA1(L262E), 733 

AcGFP-DIA1(E273R), and AcGFP-DIA1(A265S) were transfected into the HeLa cells. Thirty 734 

hours after transfection, the cells were fixed and stained using Alexa568-conjugated phalloidin 735 

(red) and DAPI (blue). Arrows and double arrows indicate accumulation of AcGFP-tagged DIA1 736 

proteins at the spindle and contractile ring, respectively. Scale bars: 10 µm. Representative of 3 737 

experiments. 738 
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(A, D, F) AcGFP-DIA1(I231T), AcGFP-DIA1(L262E), and AcGFP-DIA1(A265S) show 739 

accumulation of AcGFP-tagged DIA1 proteins both at the spindle and contractile ring. (B) 740 

AcGFP-DIA1(I231R) shows accumulation both at the spindle and contractile ring, but shows the 741 

strong plasma membrane localization (asterisks) in the metaphase. (C, E) AcGFP-DIA1(L262T) 742 

and AcGFP-DIA1(E273R) show accumulation at the spindle, but not contractile ring. (G) The 743 

cumulative bar graph shows the number of AcGFP (n=10), AcGFP-DIA1 (n=20), AcGFP-744 

DIA1(A265S) (n=30), AcGFP-DIA1(R1213X) (n=20), AcGFP-DIA1(M1199D) (n=20), 745 

AcGFP-DIA1(I231T) (n=20), AcGFP-DIA1(I231R) (n=20), AcGFP-DIA1(L262T) (n=20), 746 

AcGFP-DIA1(L262E) (n=20), or AcGFP-DIA1(E273R) (n=20) expressing cells with (w) or 747 

without (wo) accumulation at the contractile ring. Data are obtained at 5 dishes from 3 748 

experiments. 749 

 750 

Supplementary Movies S1–S4: Single-molecule speckle (SiMS) microscopy of XTC cells 751 

expressing WT and mutants. 752 

Time-lapse images of XTC cells expressing AcGFP-tagged DIA1(WT) (S1, representative video 753 

of 5 experiments), DIA1(A265S) (S2, representative video of 5 experiments), DIA1(R1213X) 754 

(S3, representative video of 4 experiments), DIA1(M1199D) (S4, representative video of 5 755 

experiments) were acquired every 300ms. Circles indicate the speckles showing directional 756 

movement. Time is in seconds. Scale bars are 5 µm. 757 



  
 

Table 1. Variant described in this study 
 

 

1000G, 1000 Genomes (https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/); ExAC, Exome Aggregation Consortium (http://exac.broadinstitute.org/); GO-ESP,  

NHLBI Grand Opportunity Exome Sequencing Project (https://esp.gs.washington.edu/drupal/); gnomAD, genome aggregation database (http://gnomad.broadinstitute.org/);  

KRGDB, Korean Reference Genome DB (http://152.99.75.168/KRGDB/); PhyloP score from the Mutation Taster (http://www.mutationtaster.org/); GERP++ score in the  

UCSC Genome Browser (http://genome-asia.ucsc.edu/); CADD, Combined Annotation Dependent Depletion (https://cadd.gs.washington.edu/snv); REVEL, Rare Exome  

Variant Ensemble Learner (https://sites.google.com/site/revelgenomics/). 

 

 
 
 
 
 
 
 
 
 

 

Variant 
(DIAPH1) 

NM_005219 

Global  

Minor Allele Frequency (MAF) 

Ethinicity-
specific 
MAF 

Conservation 
Score 

Prediction 
Algorithm 

Functional Study 

(This study) 

Classification [22 23]  

1000G ExAC GO-
ESP 

gnomAD KRGDB PhyloP GERP++ CADD REVEL Significantly impaired 
autoinhibitory interaction 

Likely Pathogenic 

(PS3 supporting, PM2 
moderate, PP1 
supporting, PP3) 

c.793G>T: 
p.A265S 

absent absent absent absent absent 5.909 5.69 27.4 0.786 Abnormally upregulated 
actin polymerization activity 

https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/
http://exac.broadinstitute.org/
http://gnomad.broadinstitute.org/
http://152.99.75.168/KRGDB/
http://www.mutationtaster.org/
http://genome-asia.ucsc.edu/
https://cadd.gs.washington.edu/snv
https://sites.google.com/site/revelgenomics/
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Supplementary Table S1. Variants that survived initial basic filtering after targeted exome sequencing of 149 deafness genes

T: Tolerated, P: Probably damaging, D: Damaging, B: Benign, N: Neutral

SIFT (http://sift.jcvi.org/); Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/); Mutation Taster (http://www.mutationtaster.org/)

Pathogenicity Prediction
Gene Chr GenbankID Exon Nucleotide Change Amino Acid Change SIFT Polyphen2 Mutation

Taster
Zygosity

ITPKB chr1 NM_002221 exon8 c.A2753T p.E918V T P D hetero
DIAPH1 chr5 NM_001079812,NM_001314007,

NM_005219
exon7,exon8,exon8 c.G766T,c.G793T,c.G793T p.A256S,p.A265S,p.A265S T D D hetero

SLC26A5 chr7 NM_001167962,NM_198999,
NM_206883

exon14,exon15,exon15 c.G1477A,c.G1573A,c.G1573A p.A493T,p.A525T,p.A525T T D D hetero

GARNL3 chr9 NM_032293,NM_001286779 exon21,exon22 c.C1957A,c.C1891A p.P653T,p.P631T . D D hetero
KCNQ1 chr11 NM_000218 exon1 c.G46A p.G16S T B D hetero
KCNQ1 chr11 NM_000218 exon1 c.C68T p.A23V D B D hetero
OTOGL chr12 NM_173591 exon46 c.C5702T p.T1901M T . N hetero
TBC1D24 chr16 NM_020705,NM_001199107 exon7,exon8 c.C1552T,c.C1570T p.R518W,p.R524W T B D hetero
MYO15A chr17 NM_016239 exon56 c.C9478T p.L3160F D D D hetero
FLII chr17 NM_001256265,NM_001256264,

NM_002018
exon20,exon21,exon21 c.G2378T,c.G2510T,c.G2543T p.R793L,p.R837L,p.R848L D D D hetero

MAP2K3 chr17 NM_002756,NM_145109,
NM_001316332

exon11,exon11,exon12 c.G855T,c.G942T,c.G855T p.M285I,p.M314I,p.M285I D B D hetero

LOXHD1 chr18 NM_001308013,NM_001145472,
NM_144612

exon7,exon9,exon27 c.A526G,c.A814G,c.A4147G p.T176A,p.T272A,p.T1383A T P N hetero

GRIN3B chr19 NM_138690 exon9 c.C2794G p.R932G T P D hetero
TSPEAR chr21 NM_144991,NM_001272037 exon3,exon4 c.C442T,c.C238T p.R148C,p.R80C D D D hetero
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