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Hearing loss is genetically heterogeneous, with over 121 implicated genes. Minor allele frequency 
(MAF) data from population databases greatly aid variant interpretation; however, these databases 
are predominantly based on individuals of European ancestry and lack sufficient East Asian 
representation, limiting accurate interpretation in under-represented populations. We analyzed rare 
variants associated with non-syndromic hearing loss classified as pathogenic, likely pathogenic, or of 
uncertain significance in the Deafness Variation Database (DVD). Population allele frequencies from 
9,579 Koreans, 54,000 Japanese, and 651 patients with sensorineural hearing loss were evaluated. Of 
the 6,381 pathogenic or likely pathogenic variants cataloged in the DVD, 216 (3.38%) were detected 
in Korean population. Among these, 31 variants exhibited high allele frequencies that exceeded 
thresholds typically applied to identify benign variants in clinical interpretation guidelines. Of these, 
6 remained disease-causing, including 4 East Asian founder alleles and one MYO7A variant common 
in Koreans. Our pipeline identified 24 variants for reclassification as benign or likely benign, and 
one P2RX2 variant of uncertain significance. Of 1,299,211 VUS, 3,736 were reclassified as benign. A 
substantial number of variants previously classified as pathogenic were reclassified as benign using 
MAF data from under-represented populations, highlighting the need for large-scale sequencing in 
diverse ancestries.
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Hearing loss is one of the most prevalent sensory diseases with high genetic heterogeneity. Congenital hearing 
loss occurs in approximately 1–2 cases per 1,000 newborns1. The prevalence increases with age, affecting over 
half of individuals aged 85 and older with mild to profound hearing loss1. Hearing loss can occur independently 
as a non-syndromic condition, accounting for ~ 70% of cases, or alongside other clinical features as part of a 
syndrome in the remaining 30%2,3. Approximately half of non-syndromic hearing loss (NSHL) have a genetic 
basis, with > 121 genes linked to monogenic forms of hearing loss. Around 80% of prelingual hearing loss is 
caused by variants in the genome sequence, most often autosomal recessive and non-syndromic4. Among the 
various types of disease-causing variants linked to NSHL, missense variants are the most common, followed by 
indel/frameshift, nonsense variants, and splice site variants5.

Owing to genetic heterogeneity, the accurate interpretation of variants in the molecular diagnosis of hearing 
loss can be particularly challenging. The Deafness Variation Database (DVD; ​h​t​t​p​s​:​/​/​d​e​a​f​n​e​s​s​v​a​r​i​a​t​i​o​n​d​a​t​a​b​a​s​e​
.​o​r​g​/​​​​​) is the largest up-to-date repository for the clinical interpretation of variants associated with hearing loss5. 
It interprets previously reported and newly identified variants from population databases. The internal pipeline 
used by DVD, called Kafeen, selects variants based on expert curation compared to other clinical databases (such 
as HGMD and ClinVar), in silico prediction scores, and the minor allele frequency (MAF) in various population 
databases.
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MAF is considered a key criterion for selecting pathogenic variants and filtering out those that are too 
common to cause diseases. According to American College of Medical Genetics and Genomics (ACMG) 
guidelines, the Benign, Stand-alone (BA1) criterion is used to classify variants with high MAF as benign6. Kafeen 
uses the highest population-specific MAF from major population databases, including 1000 Genomes, Exome 
Sequencing Project (ESP), The Exome Aggregation Consortium (ExAC), and The Genome Aggregation Database 
(gnomAD), to determine variant frequencies7,8. To date, 10,987 variants have been classified as pathogenic or 
likely pathogenic in the DVD, and associated with either syndromic or non-syndromic hearing loss.

However, population-specific classifications of common or rare variants are not readily generalizable, because 
the data in major population databases are largely from individuals with European ancestry. For example, in 
gnomAD v4 (released in November 2023), 77.07% of the 807,162 individuals are of European descent; East 
Asians comprise only 2.78%. The under-representation of ethnically diverse populations in genomic research 
hinders our understanding of the genetic architecture of human diseases and contributes to health disparities. 
Specifically, the lack of diversity in population databases can lead to inaccurate MAF estimates for under-
represented populations, potentially misclassifying benign variants as disease-causing, resulting in inaccurate 
molecular diagnoses. Therefore, using a major population database may limit the accurate assessment of variants 
identified in individuals from under-represented populations.

Koreans, as part of the East Asian population, are one such under-represented group. In gnomAD v2.1.1, 
only 1,916 Korean individuals were included, and while gnomAD v4 increased the East Asian representation by 
2.3 times, the sample size may still be insufficient for accurate variant interpretation. In this study, we aimed to 
reevaluate the classification of reportedly pathogenic variants by incorporating allele frequencies from a Korean 
population. We deposited 6,381 pathogenic (P) or likely pathogenic (LP) variants and 1,299,211 variants of 
uncertain significance (VUS) from 121 genes associated with NSHL in the DVD. By comparing these variants 
with the allele frequencies of 9,579 Korean and 54,000 Japanese individuals, we identified variants with elevated 
frequencies in the Korean population as targets for reinterpretation.

Results
Variant interpretation and penetrance estimation
In the DVD, we extracted 6,381 P or LP variants of hearing loss genes. Of these, 216 (3.38%) variants in 121 
NSHL genes were identified in a cohort of 9,579 Korean individuals (Fig.  1, Supplementary Table S1). We 
compared variant allele frequencies with those from two Korean control cohorts: KOVA2, a publicly available 
genome dataset comprising healthy individuals, and CIRN, a clinical sequencing dataset derived from presumed 
unaffected individuals (see Methods for details). Among these, 31 variants were identified as high-frequency 
variants for MAFs calculated from either the KOVA2 cohort (n = 5,305 individuals) or CIRN cohort (n = 4,274 
individuals). Through literature searches, we identified 4 of the 31 variants (GJB2 [NM_004004.6]: c.109G > A;p.
(Val37Ile)9–11, c.109G > A;p.(Leu79Cysfs*3)12,13; SLC26A4 [NM_000441.2]: c.2168A > G;p.(His723Arg)12,14,15; 
KCNQ4 [NM_004700.4]: c. 140 T > C;p.(Leu47Pro)16,17) as pathogenic founder alleles in East Asian populations 

Fig. 1.  Flowchart of the reclassification method and results. KOVA2, Korean Variant Archive 2; CIRN, Clinical 
Interpretation Research Network; YUHL, Yonsei University Hearing Loss cohort; ToMMo, JPN Tohoku 
Medical Megabank Organization. P/LP: pathogenic or likely pathogenic variants.
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(Supplementary Table S2). Evidence for the pathogenicity of these variants has been well established through 
segregation analyses, mouse models, and cell-based assays.

We reevaluated the remaining 27 variants using allele frequency (AF) data from ToMMo JPN 
(n =  ~ 54,000)18–20, a population dataset representing the Japanese population, which is genetically similar to 
the Korean population and under-represented in gnomAD (n = 76) (Supplementary Table S3)8. Following the 
ACMG guidelines adapted for hearing loss, we applied the Benign, Stand-alone criterion (BA1; MAF ≥ 0.001 for 
dominant genes and MAF ≥ 0.005 for recessive genes) and the Benign, Strong 1 criterion (BS1; MAF ≥ 0.0002 
for dominant genes) criteria to filter variants with frequencies too high to be pathogenic. To apply a more 
conservative filter, we only assigned BA1 or BS1 criteria if variants satisfied the MAF cutoffs in at least two of the 
three population databases (KOVA2, CIRN, and ToMMo JPN), as described in Supplementary Table S4.

Among the 27 high-frequency variants, we assigned the BA1 criterion to 14 variants and the BS1 criterion 
to 12 variants (Supplementary Table S3). Consequently, 26 variants were found too common in the under-
represented population to be considered plausible causes of hearing loss. However, we cannot rule out the 
possibility that these high-frequency variants represent newly introduced pathogenic founder alleles. Therefore, 
we referred to AF in a case cohort consisting of exome and genome sequence data from 651 patients (Fig. 1)21–24. 
We identified 16 of the 26 variants in the case cohort, mostly at very low frequencies, and strengthened the 
reclassification confidence for 10 variants (Supplementary Figure S1). We further tested the pathogenicity 
of these high-frequency variants through segregation analysis and penetrance estimation, as detailed in the 
Methods section.

Segregation analysis and penetrance estimation
With the exception of P2RX2 (NM_170683.4): c.817G > T; p.(Asp273Tyr) and MYO7A (NM_000260.4): 
c.2023C > T; p.(Arg675Cys), most high-frequency variants did not exhibit clear segregation consistent with 
disease. Some showed partial co-segregation—for example, TECTA p.(Thr165Ile) and TJP2 p.(Thr1188Ala)—
but the evidence was insufficient to meet the PP1 criterion under ACMG guidelines (Supplementary Figure S2). 
In certain cases, such as MYH9 p.(Arg802Trp) (YUHL364), segregation analysis could not be conducted due 
to the unavailability of parental samples. Penetrance estimates for 13 autosomal dominant variants indicated 
a very low risk of hearing loss, with the calculated estimates and their 95% confidence intervals (CIs), falling 
below baseline risk. As a result, these variants were reclassified as benign or likely benign (Supplementary Table 
S3 and Fig. 2).

The mean penetrance estimate for the MYO7A p.(Arg675Cys) variant was 0.19 [95% CI; 0.04–0.77], higher 
than the baseline risk for late-onset hearing loss (0.033) [Supplementary Table S3]. In addition, odds ratio (OR) 
analyses using CIRN and ToMMo control cohorts supported the association of this variant with late-onset 
hearing loss, yielding a statistically significant OR (lower 95% CI > 1 and P < 0.05; Supplementary Table S6). 
While the AF of this variant was higher than the BS1 cutoff in two Korean control groups (KOVA2 and CIRN), 
it has been causally linked to late-onset hearing loss25 and is extremely rare in all subpopulations of gnomAD, 
including East Asian populations (Supplementary Table S5). According to family based penetrance calculations, 

Fig. 2.  Lifetime risk of P/LP variants frequently detected in Korean patients. Mean penetrance values are 
shown with 95% confidence intervals for each variant based on data from three East Asian population 
databases (two Korean and one Japanese). The vertical dashed line represents the baseline lifetime risk of 
hearing loss in the general population (3.3%). Variants are ordered by their estimated penetrance. Error bars 
reflect the variability of penetrance estimates across population datasets.
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88% of individuals carrying the MYO7A variant develop hearing loss by the age of 50 (Supplementary Figure S3). 
Given its segregation in families with late-onset hearing loss and its relatively common presence in the Korean 
population, we considered the MYO7A p.(Arg675Cys) variant as a potentially deleterious founder allele and 
reclassify it as likely pathogenic. The estimated penetrance for the P2RX2 p.(Asp273Tyr) variant was 0.05 [95% 
CI; 0.016–0.19]. The lower bound (95%) was lower than the baseline risk for late-onset hearing loss. Although the 
AF of the P2RX2 variant exceeded the BA1 criterion of 0.001 in all three population databases (KOVA2, CIRN, 
and ToMMo), this variant showed familial segregation with late-onset hearing loss (Supplementary Figure S4) 
and was functionally characterized as a likely cause of hearing loss26–28. Based on this evidence, we reinterpreted 
the variant as a variant of uncertain significance (VUS) that requires further functional characterization to 
establish a robust phenotype–genotype correlation.

Reinterpretation and impact
We applied a similar reinterpretation scheme to VUSs. DVD houses 1,299,211 VUS, of which 38,107 (2.93%) 
were identified in the KOVA2 and ToMMo54K population databases. We confirmed that 3,736 variants in 
121 NSHL genes were common in both the KOVA2 and ToMMo databases, exceeding the MAF cutoff for the 
BA1 criteria (≥ 0.5% in AR or AR/AD genes or ≥ 0.1% in AD genes), and therefore reclassified them as benign 
variants. The reinterpretation of variants led to significant shifts in the classification of 11.57% (25/216) of P/LP 
variants and 9.80% (3,736/38,107) of VUS variants (Fig. 3), except for reclassification of MYO7A p.(Arg675Cys) 
variant which was reclassified from P to LP. In the case of the reclassified P/LP variants, one variant changed 
from P to VUS, one from P to LP, four changed from P to LB, six changed from P to B, seven initially classified 
as LP changed to LB, and seven to B (Fig. 3). Therefore, we reclassified 9.82% (3,762/38,323) of the P/LP/VUS 
variants by examining their MAF in a large-scale under-represented population database.

As shown in Table 1, 27 high-frequency P/LP variants were localized to 14 genes: MYH14 (6 variants), TECTA 
(5 variants), TJP2 (3 variants), MYH9 and WFS1 (2 variants each), and P2RX2, KCNQ4, TRIOBP, DIAPH1, 
GSDME, GRHL2, MYO6, MYO7A, and EYA4 (1 variant each). Among these, 26 variants were reclassified, and 
all exonic variants were associated with NSHL. Of the 26 reclassified variants, 25 were missense, and one variant 
of GSDME was a nonsense variant.

To evaluate the concordance between our reclassification and publicly available interpretations, we compared 
out updated classifications with ClinVar annotations (Supplementary Table S3). Of the 27 high-frequency 
variants, 20 were present in ClinVar. Most of these were listed as VUS, often submitted by a single source, and 
eight displayed conflicting interpretations (e.g., VUS vs. LB or P vs. VUS). These findings underscore the value 
of incorporating population-specific AF data to help resolve uncertain or discrepant variant classifications.

Fig. 3.  Reclassification of hearing loss-associated variants based on under-represented population databases. 
Sankey plot showing reclassification of HL-associated variants using Korean allele frequency data. Variants 
originally classified as P, LP, or VUS (left) were reassessed and reclassified into ACMG categories (right). 
Stream widths reflect variant counts (√-scaled). Many VUS were reclassified as benign, underscoring the value 
of population-specific data.
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Diagnostic rate in population controls
After reinterpreting the pathogenic variants, we further characterized the potential diagnostic rate for NSHL 
in the Korean population using the analysis pipeline described in Supplementary Figure S5. To avoid inflation 
of the total diagnostic rate, we calculated the rates with and without potential founder alleles in the dominant 
genes, such as the p.(Leu47Pro) variant in KCNQ4 and p.(Arg675Cys) variant in MYO7A (Table 2). For P/LP 
variants in recessive genes, we included individuals with homozygous P/LP variants or P/LP variant pairs in the 
double-heterozygous (potentially compound) state. Based on the trio data from the CIRN, we filtered the variant 
pairs in the cis configuration when possible.

As a result, 26 of 5,305 individuals in KOVA2 (0.49%) and 26 of 4,274 individuals in CIRN (0.60%) carried 
rare disease-causing variants in dominant inheritance, whereas 17 of 5,305 individuals (0.32%) in KOVA2 and 14 
of 4,274 individuals (0.32%) in CIRN carried recessive variants in potential pathogenic combinations (Table 2). 
Excluding p.(Leu47Pro) variant of KCNQ4 and p.(Arg675Cys) variant of MYO7A, missense variants of MYO6 
were the most common causes of hearing loss in the dominant genes, whereas genetic variants of MYO15A were 
predominant in the recessive genes, followed by GJB2 and SLC26A4 (Supplementary Table S7). On average, 
0.87% of individuals in the Korean population exhibit a genetic predisposition to develop NSHL, with 0.81% in 
KOVA2 and 0.93% in CIRN. This condition manifests across a wide range of disease onset stages.

Discussion
The accurate interpretation of genetic variants remains a significant challenge in clinical genetics, particularly 
for genetically heterogeneous disorders such as NSHL. Whereas population AF is a key criterion in variant 
interpretation guidelines, existing population databases are skewed toward European ancestry, which limits the 
applicability of AF thresholds to other populations. In this study, we addressed this disparity by integrating large-
scale AF data from under-represented East Asian populations, specifically Korean and Japanese populations, 
to assess the pathogenicity of hearing loss-associated variants. By comparing AFs from 9,579 Korean controls 

KOVA2 (%; n = 5,305) CIRN (%, n = 4,274) Average

Autosomal dominant inheritancea

Pathogenic variant rate 0.49 (26/5305) 0.60 (26/4274) 0.55

 + KCNQ4 p.(Leu47Pro) 0.98 (52/5305) 1.12 (48/4274) 1.05

 + MYO7A p.(Arg675Cys) 1.13 (60/5305) 1.24 (53/4274) 1.19

Autosomal recessive inheritanceb

Pathogenic variant rate (Combinations) of P/LP variants 0.32 (17/5305) 0.32 (14/4274) 0.32

of at least one P/LP variant 0.88 (47/5305) 1.21 (52/4274) 1.05

Totalc 0.81 (43/5305) 0.93 (40/4274) 0.87

Table 2.  Proportion of individuals with pathogenic variants in KOVA2 and CIRN. a,bInheritance of hearing 
loss genes: Individuals with heterozygous variants in dominant genes and biallelic carriers of variants in 
recessive genes were counted. cAggregated number of individuals potentially affected by pathogenic variants in 
deafness-causing genes, either in dominant or recessive inheritance.

 

Gene Number of variants
Original 
classificationa Reclassificationb Number of modifications (reclassification rate by gene)

VUS LP P B LB VUS LP P

MYH14 565 569 3 3 92 4 479 – – 96 (16.69%)

TECTA 423 418 4 1 9 3 411 – – 12 (2.83%)

TJP2 242 239 1 2 45 2 195 – – 47 (19.42%)

MYH9 409 407 – 2 50 1 360 – – 51 (12.50%)

WFS1 170 168 – 2 26 2 142 – – 28 (16.47%)

P2RX2 26 25 – 1 3 – 23 – – 4 (15.38%)

KCNQ4 245 244 – 1 53 1 191 – – 54 (22.04%)

TRIOBP 436 435 1 – 15 1 420 – – 16 (3.66%)

DIAPH1 368 367 1 – 66 1 301 – – 67 (18.20%)

GSDME 240 239 1 – 45 – 195 – – 45 (18.75%)

GRHL2 670 669 1 – 155 1 514 – – 156 (23.28%)

MYO6 447 446 1 – 20 1 426 – – 21 (4.69%)

MYO7A 555 554 – 1 21 – 533 1 – 22 (3.97%)

EYA4 835 834 – 1 162 – 672 – 1 162 (19.40%)

Table 1.  Result of reclassification of variants in each gene. a Classification of rare variants in the Deafness 
Variation Database in 2019.b Classifications that were re-evaluated using KOVA2, CIRN, and ToMMo54KJPN.
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(KOVA2 and CIRN) and 54,000 Japanese individuals (ToMMo 54KJPN) with variant classifications from the 
DVD, we identified 31 variants that exceeded AF thresholds used in the ACMG guidelines. Among these, 6 
variants remained classified as disease-causing owing to compelling evidence from segregation, mouse models, 
or high penetrance in the patient cohort. Notably, we identified the p.(Arg675Cys) variant of MYO7A as a likely 
pathogenic variant and as a novel founder variant in the Korean population.

Of particular clinical significance, 24 of the 31 high-frequency variants were reclassified as benign or likely 
benign, and 1 variant, P2RX2 p.(Asp273Tyr), was reinterpreted as a VUS owing to conflicting evidence from 
AF and functional studies. Notably, previous studies have reported associations between P2RX2 variants and 
both autosomal dominant progressive hearing loss and increased susceptibility to noise-induced hearing loss. 
These findings may help explain the observed segregation and functional relevance of the p.(Asp273Tyr) variant, 
despite its relatively high AF29,30. These reclassifications are directly relevant to the clinical interpretation of 
genetic test results and counseling of patients and families, preventing misdiagnoses based on outdated or 
population-inappropriate variant classifications. Furthermore, by evaluating pathogenic variant combinations 
in dominant and recessive genes, we estimated that approximately 0.87% of individuals in the general Korean 
population may harbor pathogenic variants linked to NSHL. This study provides a valuable reference for 
assessing background carrier frequencies in population screening and incidental findings in genome sequencing. 
Our findings reinforce the importance of using ethnically matched population data to interpret variants. The 
overrepresentation of certain variants in East Asian populations led to their misclassification as pathogenic in 
earlier studies that relied solely on European datasets. This highlights the critical need for increased diversity in 
reference databases and supports a growing movement toward population-specific interpretation frameworks.

This study had several limitations. First, the lack of auditory phenotyping in the control datasets introduces 
uncertainty in the penetrance estimates. Second, although segregation and population data were available, 
functional validation was not conducted for all the reclassified variants. In addition, while the Korean and 
Japanese populations share considerable genetic similarity, subtle differences in AF and genetic architecture 
between subgroups may still affect the interpretation. Despite these limitations, our study provides a strong 
example of how integrating under-represented population data can refine the accuracy of variant interpretations. 
As genomic sequencing becomes more prevalent globally, efforts to expand the diversity of reference datasets 
must be prioritized. Future research should also include longitudinal follow-up of individuals with high-
frequency variants and functional studies to further delineate genotype–phenotype correlations, particularly 
for VUS, such as P2RX2 p.(Asp273Tyr). In conclusion, our study demonstrated that leveraging data from 
under-represented East Asian populations can substantially improve the classification of hearing loss-associated 
variants. This approach enhances diagnostic precision and contributes to equitable genomic medicine by 
reducing health disparities caused by under-representation in genomic research.

Methods
Research subjects
We used two distinct population datasets as controls to extract pathogenic variants and their MAFs. The 
Korean Variant Archive 2 (KOVA2) and Clinical Interpretation Research Network (CIRN) were the two 
datasets. KOVA2 is a ready-to-use dataset composed of exome and genome sequencing data from 5,305 Korean 
individuals. It provides a single VCF file containing variants, including MAFs, homozygous variant counts, and 
allele numbers, which are stored in the ‘KOVA_AF,’ ‘KOVA_Hom_Count,’ and ‘KOVA_AN’ fields in the ‘INFO’ 
section. KOVA2 VCF with genotype information was downloaded from Google Bucket, which was linked to a 
previous publication31.

Genome sequencing data (gVCF format) for 4,534 controls in the CIRN cohort were obtained from the 
National Project of Bio Big Data under a controlled access agreement. The controls were from three separate 
cohorts: 2,500 individuals from the Korean Genome and Epidemiology Study (KoGES), 1,885 from the Rare 
Disease (RD) cohort, and 149 from the autism spectrum disorder (ASD) cohort. Participants in the KoGES 
cohort were considered healthy after completing questionnaires assessing 199 health criteria; however, auditory 
function was not among the evaluation parameters. In the RD cohort, only five individuals had a history of 
hearing or ear disorders. The ASD cohort consisted of patients with autism spectrum disorders or their family 
members who consented to participate.

To avoid biasing the MAFs, we created a VCF from 4,534 selected controls and included only 4,274 unrelated 
individuals, as indicated by the ped file. To obtain MAFs from other under-represented East Asian populations, 
we used jMorp (https://jmorp.megabank.tohoku.ac.jp/), an online database managed by Tohoku Medical 
Megabank Organization (ToMMo)32. We referenced AF from the ‘ToMMo 54KJPN’ dataset, which includes 
data from over 54,000 Japanese controls.

The case cohort included sequencing data from 651 probands with sensorineural hearing loss, excluding 
individuals with congenital cytomegalovirus infections or other medical conditions primarily affecting hearing 
function. The majority of cases were NSHL. Of the total, 217 individuals (33.3%) had prelingual onset, while 
434 (66.7%) had postlingual onset. Audiometric evaluation revealed that 57 (8.81%) had mild hearing loss, 
320 (49.18%) moderate, 99 (15.16%) severe, and 175 (26.84%) profound hearing loss. Based on pedigree data 
and clinical assessment, 230 probands (35.33%) were presumed to have AD inheritance and 421 (64.67%) 
AR inheritance. Written informed consent was obtained from all participants. The study was approved by the 
Institutional Review Board of Severance Hospital, Yonsei University Health System (IRB #4–2015-0659), and all 
methods were performed in accordance with the relevant guidelines and regulations, including the Declaration 
of Helsinki.
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Variant calling
Genomic DNA was extracted from the blood or saliva samples of 651 patients. Sequencing libraries were prepared 
using a TruSeq DNA Nano Library Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s 
instructions. We designed a sequence analysis pipeline based on GATK Best Practices for germline variant calling. 
FASTQ files generated on the Novaseq platform (Illumina, San Diego, USA) were aligned to the hg38 reference 
genome using the BWA–MEM aligner (v0.7.17)33. After marking duplicates and sorting using MarkDuplicates, 
the mapping quality was recalibrated using BQSR in GATK (v4.1.9.0)34. Single nucleotide variants (SNVs) 
and small insertions and deletions (indels) were called for each sample using GATK HaplotypeCaller with the 
“-ERCGVCF” option35.

For the CIRN cohort, genome sequencing data from 4,534 individuals were deposited as gVCF aligned to 
hg38. To jointly genotype the samples, we created genomic databases (GenomicsDB) for each chromosome 
using the GenomicsDBImport in GATK. The SNVs and indels were recalibrated using the VQSR model to 
select 99.9% and 99.0% of the true sites, respectively, from the training set. The GenomicsDB for CIRN was 
generated by specifying the ‘interval’ options within the exonic regions of 121 known deafness-associated genes. 
Variants with GQ < 20 or DP < 10 were filtered using variant filtration. The resulting VCF were annotated using 
ANNOVAR (https://annovar.openbioinformatics.org/en/latest/)36 and P and LP variants in 121 hearing loss 
genes were extracted using custom Python scripts.

KOVA2 provides a VCF with pre-calculated AF for each variant. We extracted P, LP, and VUS variants 
directly from the VCF and referenced the MAFs annotated in the file.

Variant classification deposit
We obtained variants associated with hearing loss from DVD v9 (https://deafnessvariationdatabase.org/)5. Last 
updated in 2019, the database evaluates variants in 223 deafness-associated genes, classifying them as pathogenic 
or likely pathogenic (P/LP; 20,895 variants), benign or likely benign (B/LB; 246,577 variants), or of uncertain 
significance (VUS; 2,226,255 variants). To annotate the VCF and search for variants listed in the DVD, we 
created a BED file consisting of the following columns: ‘Start,’ ‘End,’ ‘Ref,’ ‘Alt,’ ‘DVD_PATHOGENICITY,’ and 
‘DVD_FINALDISEASE.’ This BED file was then imported into ANNOVAR as one of the annotation databases, 
using distributed Perl scripts such as ‘index-annovar.pl’ and ‘convert2annovar.pl’36.

Variant interpretation
Variant interpretation followed the ACMG guidelines adapted for hearing loss6,37,38. The largest allele numbers 
for KOVA2 and CIRN were 10,610 and 8,548, respectively, indicating that these two population databases 
provided reliable sample sizes for calculating population AFs. To define “high-frequency” P/LP variants, we 
selected those with an allele frequency exceeding 0.5% in AR genes or 0.05% in AD genes in at least one of the 
Korean control cohorts (KOVA2 or CIRN). For genes associated with both inheritance modes, we applied the 
threshold corresponding to the reported mode of inheritance for each specific variant. Final reclassifications 
were made based on the ACMG guidelines with an adjusted criterion for hearing loss. The BA1 cutoffs for 
variants in dominant and recessive genes were equivalent to AFs suggested in the guideline: MAF of ≥ 0.005 
(0.5%) for autosomal recessive and ≥ 0.001 (0.1%) for autosomal dominant genes. We applied the BS1 criterion 
to the autosomal dominant variants with MAF exceeding 0.02%. To ensure conservative interpretation, the 
BS1 criterion was not applied to variants in AR genes. We assigned the BA1 or BS1 criteria only if the variant 
exceeded the thresholds in at least two of the three population databases (KOVA2, CIRN, and ToMMoJPN54K).

In addition to the criterion for population AF, the following ACMG criteria were assigned using VIP–
HL (http://hearing.genetics.bgi.com/): BP4 (variants with Rare Exome Variant Ensemble Learner (REVEL) 
score ≤ 0.15 or predicted to have no impact on splicing in MaxEntScan), PP3 (REVEL score ≥ 0.7 or predicted 
impact on splicing using MaxEntScan), PP1 (segregation in affected relatives for recessive and two affected 
relatives for dominant), PP1_Strong (segregation in three affected relatives for recessive and five affected relatives 
for dominant), PS3_Supporting (functional studies with limited validation show a deleterious effect), PM2_
Supporting (filtering POPMAX AF within the threshold 0 ≤ AF < 0.00002 for autosomal dominant variants), 
PS4_Supporting (autosomal dominant: ≥ 2 probands with the variant and variant meets PM2)39.

Penetrance estimation
For high-frequency variants observed in both the patient cohort and at least two of the three population 
databases, we estimated penetrance and its 95% confidence interval (CI) using an internal R script based on 
methods described in previous studies40,41. The calculated mean penetrance estimates across the three datasets 
were plotted using GraphPad Prism v8.0.2. Penetrance was calculated using case prevalence, observed allele 
count (AC) in cases, number of alleles sequenced in cases, observed AC in the population, and number of 
population alleles sequenced (AN)42. The prevalence of late-onset hearing loss was set as 0.033, corresponding to 
the reported prevalence of hearing loss with onset after age 40, as described in a previous publication3.

Data availability
All relevant data are included in the main manuscript and supplementary materials. The variant-level reclas-
sification results and the R script for penetrance estimation across multiple populations is publicly available at 
https://github.com/syjoo2304/reclassification.git. Genome sequencing data from the CIRN cohort (4,534 ​i​n​d​i​v​
i​d​u​a​l​s​) used in this study were obtained under controlled access as part of the National Project of Bio Big Data, 
Republic of Korea. These data are not publicly available due to legal and ethical restrictions, as access is restrict-
ed to secure analysis environments rather than local downloads. Researchers interested in accessing these data 
may apply through the National Project of Bio Big Data (https://www.biobigdata.kr/bbd). No new sequencing 
data were generated for the CIRN or KOVA2 cohorts in this study. The KOVA2 dataset was accessed via the 
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public Google Cloud bucket described in the original publication (Reference #29). All sequencing data for the 
case cohort (651 patients) were generated in this study but are not publicly available due to privacy and consent 
limitations. Requests for access to the case cohort data should be directed to the corresponding author and will 
require IRB approval.
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