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Rare-variant association analysis reveals known and new
age-related hearing loss genes
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Age-related (AR) hearing loss (HL) is a prevalent sensory deficit in the elderly population. Several studies showed that common
variants increase ARHL susceptibility. Here, we demonstrate that rare-variants play a crucial role in ARHL etiology. We analyzed
exome and imputed data from white-European UK Biobank volunteers, performing both single-variant and rare-variant aggregate
association analyses using self-reported ARHL phenotypes. We identified and replicated associations between ARHL and rare-
variants in KLHDC7B, PDCD6, MYO6, SYNJ2, and TECTA. PUS7L and EYA4 also revealed rare-variant associations with ARHL. EYA4,
MYO6, and TECTA are all known to underline Mendelian nonsyndromic HL. PDCD6, a new HL gene, plays an important role in
apoptosis and has widespread inner ear expression, particularly in the inner hair cells. An unreplicated common variant association
was previously observed for KHLDC7B, here we demonstrate that rare-variants in this gene also play a role in ARHL etiology.
Additionally, the first replicated association between SYNJ2 and ARHL was detected. Analysis of common variants revealed several
previously reported, i.e., ARHGEF28, and new, i.e., PIK3R3, ARHL associations, as well as ones we replicate here for the first time, i.e.,
BAIAP2L2, CRIP3, KLHDC7B, MAST2, and SLC22A7. It was also observed that the odds ratios for rare-variant ARHL associations, were
higher than those for common variants. In conclusion, we demonstrate the vital role rare-variants, including those in Mendelian
nonsyndromic HL genes, play in the etiology of ARHL.
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INTRODUCTION
Age-related (AR) hearing loss (HL) or presbycusis, is defined as
nonsyndromic (NS), bilateral, symmetrical sensorineural HL that
advances with age, typically starting in the high frequencies and
progressing to the mid-frequencies [1] ARHL is the most prevalent
sensory deficit in older adults, i.e., ~50% of individuals >75 years-
of-age have ARHL. It has a heritability of 0.35–0.55 [2]. ARHL is a
complex trait with several risk factors that include male gender,
genetic susceptibility, noise exposure, and ototoxic medication [3]
and comorbidities e.g., cognitive decline, depression, diabetes,
and hypertension. GWAS have identified many candidate variants/
genes for ARHL [4–8], with only ARHGEF2, CHMP4C, CTBP2, EYA4,
HLA-DRB1, ILDR1, ISG20, LOXHD1, NID2, SPTBN1, TRIOBP, and
ZNF318 being replicated in two or more cohorts [4–6, 8].
GWAS studies of genotype array and imputed data facilitates

the analysis of common and low frequency variants, but rare-
variants are often missing or are of low imputation quality.
Therefore, the analysis of exome data is important to study rare-
variants. We examined the role rare-variants play in ARHL etiology,
using exome sequence data and self-reported measures of HL
obtained from white-European UK Biobank volunteers. Through
rare-variant aggregate analysis we detected significant associa-
tions with ARHL for EYA4, KLHDC7B, PDCD6, PUS7L, MYO6, TECTA,
and SYNJ2.

MATERIALS AND METHODS
Data access and ethical approval
This research was conducted using the UK Biobank Resource (application
numbers 32285 and 36827) a longitudinal cohort of ~500,000 individuals
who were 40 to 69 years-of-age at recruitment between 2006 and 2010
who are being followed-up [9, 10].The UK Biobank study was conducted
under generic approval from the National Health Services’ National
Research Ethics Service. The present analyses were approved by the
Institutional Review Boards at Yale University (2000026836) and Columbia
University (AAAS3494).

Quality control of genetic data
Genotype array data were used to detect inconsistencies in sex, generate
principal components (PCs), and to perform ridge regression in the
generalized linear mix model (GLMM) analysis. Information on subjects and
variant quality control (QC) is provided in Table S1. UK Biobank also
imputed SNVs, indels, and structural variants. For secondary-replication,
imputed variants with an INFO Score ≥0.3 were analyzed.
Exome sequence data were generated using an IDT xGen Exome

Research Panel v1.0 capture-array that targeted 39Mbp of the genome
with different oligo lots used for the first (~50 K) and second release
(~150 K), with coverage >20× at 95.6% of the targeted bases. Details on
sequencing protocols can be found elsewhere [11]. A total of
200,643 samples (release 2) were processed by the UK Biobank: aligning
FASTQs to the human genome with BWA. GATK was used to call SNVs
and indels, followed by base quality score recalibration [11, 12].
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Multiallelic splitting and left normalization were performed using
bcftools v.1.12. Variants with an allelic imbalance (SNVs < 0.15 and
indels <0.2) and genotypes with a read depth <10× or genotype quality
score <20 were removed.
Individuals of self-reported white-European or unspecified ancestry, with

both exome (release 2; October 2020) and genotype data, were used for PC
analysis (PCA) to detect outliers (Table S1 and Fig. S1). Ten PCs were
constructed using unrelated individuals (Θij < 0.0625), related individuals
were projected back onto the PC plots, and Mahalanobis distances
computed. Samples with a Mahalanobis distance of >0.997 were removed
(Table S1). The exome data were divided into discovery and replication
samples with those individuals in release 1 assigned to the replication
sample and the remaining individuals assigned to the discovery sample.
QC as described above was also performed for the secondary-replication
sample, which is comprised of white-Europeans who did not have release 2
exome data (Table S1 and Fig. S1) but had available imputed data. There is
no overlap of individuals included in the discovery, replication, and
secondary-replication samples (Fig. 1).

Variant annotation. ANNOVAR was used to annotate exome variants to
the GRCh38 genomic reference. For gene-based annotation, RefSeq was
used to annotate variants and to determine gene boundaries. Several
bioinformatic tools (e.g., SIFT, Polyphen2, MutationTaster, FATHMM, CADD,
and GERP++) were used to perform functional and prediction annotation
and gnomAD v2.1.1 was used to annotate AFs.

Phenotype definition
Using ICD10/ICD9 and self-report codes strict exclusion criteria were
applied to avoid inclusion of individuals with congenital, Mendelian, or
environmental forms of HL e.g., due to ototoxic drugs usage or viral/
bacterial infections. Individuals who had chronic otitis media, salpingitis,
mastoiditis, otosclerosis, Meniere’s disease, deafness, labyrinthitis, con-
ductive or ototoxic HL, head, ear or neck trauma, stroke, encephalitis,
meningitis, or facial nerve disorders were excluded from the analysis.
Individuals with unilateral/bilateral sensorineural or mixed conductive HL

were also excluded if they were diagnosed <55 years-of-age or did not
have an age-of-diagnosis (Table S2).
After excluding individuals with the above phenotypes, case/control

status was determined based on the response to a touchscreen
questionnaire during their assessment visit: (i) H-aid self-reported hearing
aid use (f.3393: “Do you use a hearing aid most of the time?”); (ii) H-diff
self-reported hearing difficulty (f.2247: “Do you have any difficulty with
your hearing?”); (iii) H-noise self-reported hearing difficulty with back-
ground noise (f.2257: “Do you find it difficult to follow a conversation if
there is background noise e.g., TV, radio, children playing)?”; and (iv)
H-both individuals with both H-diff and H-noise (Fig. S1). Individuals who
provided inconsistent answers for H-aid, H-diff, or H-noise (e.g., reported
H-diff on the first visit but not the second visit), or did not provide definite
answers, (e.g., answered “Do not know”) were excluded (Table S1 and
Fig. S1). For cases, the age used in the analysis was the study subject’s age
the first time they answered ‘Yes’ to a specific ARHL question during the
assessment. We used a common set of controls that did not have any
hearing-related phenotypes. For controls, age at last assessment was used
in the analysis.
The number of cases (H-aid, H-diff, H-noise, and H-both) and the common

set of controls analyzed in the discovery (exome), replication (exome), and
secondary-replication (imputed) samples and their age and sex distribu-
tions, as well as the results from score tests (to determine if there are age
or sex differences), are shown in Table S3.

Association analysis
Using GLMM as implemented in REGENIE 2.2.4 association analysis was
performed for the discovery (n= 128,988), replication (n= 40,464) and
mega (n= 169,452) exome data samples, where the mega-sample is the
discovery and replication samples combined. Additionally, a secondary-
replication sample of imputed data (n= 247,070) was analyzed. REGENIE
2.2.4 implements a multi-stage approach by initially fitting a whole-
genome regression model, using ridge regressions, to estimate the
polygenic effects parameters to account for population structure and
relatedness [13]. A firth correction is used for binary traits, to ensure the

Analysis of white-Europeans 
N=416,522

Exome sequence data (Release 2) 
N=169,452

Discovery sample 
N=128,988

Replication sample 
N=40,464

Mega-sample
Secondary-replication sample 

Genotyped/imputed data 
N=247,070

Fig. 1 An illustration of samples used in the analysis. We included in the analysis 416,522 samples after excluding individuals who are not
white-European, do not meet the inclusion criteria, or provided inconsistent answers. Blue dashed lines indicates the replication sample which
was used for the discovery and mega-analysis. Associations identified in the discovery sample are only replicated using the exome replication
sample and not the secondary-replication sample. The replication sample consists of individuals included in UK Biobank Release 1. For
replication, permutation is used to estimate empirical p-values adjusting for the number of variants/genes and phenotypes brought to
replication. There is no overlap of individuals in the discovery, replication, and secondary-replication samples. All samples were used in the
single-variant analysis and only those samples highlighted in light blue were used in the rare-variant aggregate analysis. There was no
available replication sample for the mega-analysis of rare-variant aggregated association testing.
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results are well calibrated in the presence of rare-variants and unbalanced
case-control ratios. The association model included covariates: sex, age,
and two PCs. For single-variant analyses, variants with minor allele count
≥4 were analyzed. Rare-variant aggregate association analysis was
performed using variants with a MAF < 0.01 (gnomAD non-Finnish
European exome AFs) within a gene-region. Two analyses were performed
aggregating within a gene-region: (1) predicted loss of function (pLOF)
variants and (2) missense and pLOF variants, analyzing genes with ≥2 rare-
variants. For every individual a ternary coding was used: 0 - no rare-
variants; 1 - one or more heterozygous rare-variants; and 2 - at least one
homozygous rare-variant within a gene-region.
Significance thresholds of p < 5.0 × 10−8 for single-variant and

p < 2.5 × 10−6 (a Bonferroni correction for testing 20,000 genes) for
gene-based rare-variant aggregate tests were used. For variants brought
to replication, empirical p-values were obtained using 100,000 permuta-
tions. Empirical p-values were estimated by adjusting for the number of
variants brought to replication by trait as well as across all ARHL traits. For
the rare-variant aggregate tests, the same procedure was used but also
adjusted for testing pLoF and missense & pLoF. A finding was considered
replicated if an empirical p-value <0.05, adjusted for multiple testing, was
obtained.

Conditional and stepwise model selection analysis
Conditional and stepwise model selection analysis was performed using
GTCA-COJO to identify independent signals [14]. Linkage disequilibrium
(LD) was estimated using a reference panel of unrelated white-European
individuals from UK Biobank. Only variants with an r2 < 0.9 were analyzed
due to collinearity for variants in strong LD.

In-silico mRNA expression analysis
Human and mouse inner ear expression was assessed in-silico. To study
expression during mouse inner ear development an RNA expression
dataset of hair cells and surrounding cells of mice cochleae and utricles
over developmental stages: embryonic day (E)16, postnatal day (P)0, P4,
and P7 and another RNA expression dataset over developmental stages:
E12, E13, E16, P0, P6, and P15, that includes the spiral ganglion neurons
and vestibular ganglion neurons, both obtained from SHIELD were
analyzed [15]. A single-cell RNA sequence data of the cochlear epithelium
during mouse developmental stages (E14, E16, P1, and P7) was
interrogated and visualized using gEAR [16, 17]. Additionally, human inner
ear expression data obtained from the RNA sequencing of inner ear tissue
samples were processed, normalized, and visualized using DESeq2 [18, 19].

RESULTS
Rare single-variant association analysis
Analysis of the discovery sample detected four rare-variants that
displayed significant (p < 5.0 × 10−8) associations with at least one
of the ARHL traits. PDCD6 contained three associated variants
within exon 2 that were significantly associated with all four ARHL
traits, these variants were replicated with H-diff, H-noise, and
H-both (Table 1, Figs. S2 and S3). Rs121912560, a pathogenic
MYO6 ADNSHL variant, was significantly associated with H-aid,
H-diff, and H-both and replication was observed for H-diff and
H-both (Tables 1 and S4).
In the analysis of the mega-sample additional genome-wide

statistically significant associations were observed between H-both
and SYNJ2 (rs146694394) which was replicated in the secondary-
replication sample (Tables 2 and S4; Figs. S4 and S5). FILIP1
(rs765264064) was also observed to be associated with ARHL trait
H-aid in the mega-sample but was not present in the secondary-
replication sample (Table 2). This variant is in LD with rs121912560
(MYO6) and conditional analysis ruled out that FILIP1 is associated
with ARHL.

Rare-variant aggregate association analysis
Rare-variant aggregate analysis of 18,012 genes revealed five
exome-wide significant (p < 2.5 × 10−6) associations between
ARHL and PDCD6, MYO6, KLHDC7B, TECTA, and EYA4 (Table 3,
Fig. 2A–D and S6) in the discovery sample. Table S5 provides
information on the rare-variants included in the aggregate
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analysis including: bioinformatic annotation e.g., CADD score,
GERP++, PhyloP scores, NSHL ClinVar annotation, and MAFs.
Aggregate association analysis of missense and pLoF variants
showed significant associations between PDCD6 and all ARHL
phenotypes and these associations were also replicated (Tables 3
and S6). When the two rare PDCD6 missense variants
(rs549592074 and rs571370281) that were statistically significant
in the single-variant analysis were removed from the aggregate
analysis, PDCD6 remained exome-wide significant for H-diff and
H-both and was also replicated (Tables 3 and S6). Rare missense
and pLoF in MYO6 were associated with ARHL trait H-aid in the
discovery sample and were also replicated (Table 3). KLHDC7B was
significantly associated with all four ARHL traits in the discovery
when only rare pLoF variants were included in aggregate
association analysis and these findings were replicated, with
exception of H-aid (Tables 3 and S6). For the analysis of TECTA, a
Mendelian NSHL gene, rare-variant aggerate analysis of pLoF
variants were found to be associated with H-diff and H-both and

these findings were also replicated. EYA4, a Mendelian ADNSHL
gene, rare pLoF variants were associated with H-aid, however, this
finding could not be replicated due to no pLoF variants being
present in the replication sample (Tables 3, S5, and S6).
Analysis of the mega-sample revealed additional associations

(Table 3, Figs. 2E–H and S7). Rare-variant aggregate analysis of
pLoF variants provided exome-wide significant results for TECTA
with an additional ARHL trait, H-noise. For Mendelian NSHL gene,
GJB2, a statistically significant association was observed with H-diff
and H-both. Single-variant association analysis for c.35delG
showed suggestive association with H-diff (p-value =
1.11 × 10−6) and H-both (p-value = 5.23 × 10−6). Given the role
of this variant in autosomal recessive NSHL, we excluded it from
the aggregate analysis and the associations with H-diff and H-both
were no longer significant (Table 3). Analyzing both missense and
pLoF variants resulted in the observation of an exome-wide
significant association between PUS7L and H-aid (Table 3) with a
negative beta indicating that PUS7L may be protective.

PDCD6

KLHDC7B

TECTA

PDCD6

KLHDC7BTECTA

KLHDC7B

PDCD6

GJB2

KLHDC7B

TECTA

PDCD6

KLHDC7B
TECTA

GJB2

KLHDC7B
TECTA

KLHDC7B

KLHDC7B

PDCD6

PDCD6

PDCD6

PUS7L

PDCD6

MYO6
EYA4

A B

C D

E F

G H

Fig. 2 Manhattan plots for the discovery and mega-sample rare-variant aggregate association analysis. Results for the discovery sample
are shown for the analysis of H-aid (A), H-diff (B), H-noise (C), and H-both (D). Results for the mega-sample are shown for the analysis of H-aid (E),
H-diff (F), H-noise (G), and H-both (H). For each Manhattan plot, the blue dots display the result for the analysis of predicted loss of function
(pLoF) variants and the orange dots for missense and pLoF variants. The threshold for exome-wide significance (p < 2.5 × 10−6) is indicated by
a red dotted line. Genes that reached exome-wide significance are annotated.
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Common single-variant analysis
Genome-wide significant associations were observed for two
common variants in the discovery sample which also replicated,
between H-both with rs1574430 in SLC22A7 and with rs2242416 in
CRIP3 (Tables 1 and S4A). These variants are in LD (r2= 0.99), and it
was not possible to disentangle which is the gene involved in
ARHL. Analysis of the mega-sample revealed more variants that
were statistically significant (Table 2). SLC22A7 (rs1574430) and
CRIP3 (rs2242416) were also associated with H-diffand H-noise. An
additional CRIP3 variant, rs2254303, was found to be associated
with H-noise, H-diff, and H-both. These findings were all replicated
in the secondary-replication sample (Table S4B). A total of seven
variants in ARHGEF28 were associated with ARHL and replicated
(Tables 2 and S4B). There were statistically significant associations
between three variants in MAST2 and H-diff and these findings
were replicated. For MAST2 the observed betas are negative,
suggesting that MAST2 is protective (Tables 2 and S4B). We
identified statistically significant associations between PIK3R3
(rs1707304) H-diff and H-both which were replicated. The beta
for PIK3R3 is also negative. The variants in PIK3R3 and MAST2 are in
high LD (r2= 0.99). We found a statistically significant association
between rs371997714 in BAIAP2L2 and H-diff that was replicated
(Tables 2 and S4B). In addition to our replicated rare-variant
aggregate association findings with KLHDC7B, we found a
significant common variant association between rs36062310
(MAF= 0.04) with H-diff and H-both, that we replicated. We also
found significant associations with two variants which are in LD
(r2= 0.98) rs2286276 in TBL2, with H-both and rs61010704 which
lies in MLXIPL with H-diff and H-both. Only the association between
H-diff and rs61010704 in MLXIPL was replicated when correcting
for variants brought to replication (Tables 2 and S4B).

In-silico mRNA expression of PDCD6/Pdcd6 in mice and
humans
We further investigated mRNA inner ear expression for PDCD6/
Pdcd6 since it is a new HL candidate gene. In mice, expression of
the Pdcd6 occurs in the hair cells and surrounding cells of the
cochlea and utricle over several developmental stages (E16, P0, P4,
and P7) (Figs. 3A, 4B, S8, S9, and S10). For the hair cells of the
utricle, the highest expression level occurs at P0. While for cochlea
hair cells Pdcd6 expression is upregulated continuously until
reaching its maximum levels at P7 (Fig. 3A).
RNA expression of Pdcd6 in ganglion cells (Fig. 3C) displays

downregulation in the spiral ganglion neurons of mice at stage
E16. In contrast, Pdcd6 expression is consistently upregulated
during development in the vestibular ganglion neurons reaching
its maxima at P15 (Fig. 3C). Single-cell RNA experiments of the
developing mouse cochlear epithelium (Figs. 3B and S8) shows
that Pdcd6 is widely expressed in the cochlear epithelium during
all developmental stages. In general, both the expression
intensity of Pdcd6 and the percentage of cells that express
Pdcd6 increase as inner ear development progresses (Fig. S9). A
prominent upregulation of Pdcd6 occurs for both the inner and
outer hair cells from E16 to P7 (Figs. S9 and S10). In humans,
PDCD6 expression was found in all tissues sampled from the
cochlear duct and the vestibular labyrinth including the ampulla
of the semicircular canals, the utricle, and saccule, as shown in
Fig. 3D.

DISCUSSION
UK Biobank data has been widely used to understand the genetic
etiology of a variety of complex traits. Here we studied self-
reported ARHL, concentrating on rare-variant associations.
Although pure-tone audiometry is the gold standard to assess
hearing, it is challenging to evaluate large cohorts that are
necessary for well-powered GWAS. Recent studies have shown
that using self-reports for hearing are a valid measure [5].

We identified a new ARHL association, with PDCD6, pro-
grammed cell death 6 (also known as ALG2, apoptosis-linked
gene 2), which has not been previously reported to be associated
with HL. It is likely that this finding was not previously observed
since rare-variants are driving the association. The odds ratios
(ORs) observed for rare-variants in PDCD6 ranged from 1.4 to 7.3
(Tables 1–3). We show that PDCD6 is widely expressed in both the
mouse and human inner ear. PDCD6 is a cytoplasmic Ca2+
binding protein with an important role in apoptotic cell death [20].
The dysregulation of programmed cell death (PCD), typically
mediated by apoptosis, has been implicated in the pathogenesis
of monogenic forms of HL [21]. Several PCD genes have been
shown to underlie HL, e.g., TJP2, DFNA5, and MSRB3 [21]. Gain-of-
function DFNA5 variants have been shown to induce PCD in vitro
[22]. Individuals with pathogenic or likely pathogenic (PLP)
variants in DFNA5 display progressive ADNSHL starting in the
high frequencies, with age-of-onset from 0 to 50 years-of-age [23].
PCD has been implicated in noise-induced HL, and ototoxicity to
aminoglycoside and Cisplatins [21]. Studies in CBA/CaJ mice have
shown that multiple cell-death pathways, potentially linked to
oxidative stress, are activated in auditory hair cells in aging mice
[24]. Due to hair cells not having regenerative capacity, activation
of the apoptosis-inducing events leads to progressive and
permanent cell death and HL. Basal hair cells, responsible for
high-frequency hearing, are more susceptible to apoptotic cell
death, which is consistent with the observation of HL starting in
the high frequencies for ARHL and DFNA5 [21].
We identified and replicated rare-variant aggregate associations

for KLHDC7B (Kelch-like domain containing 7B). We also identified
and replicated the association with a higher frequency variant
rs36062310 which was previously reported to be associated with
ARHL [5, 8, 25, 26], although this finding had not been replicated
in previous studies. The rare-variant aggregate analysis for
KLHDC7B displayed ORs between 1.75 and 3.63, with the highest
effect size for H-aid. Klhdc7b has been found to be exclusively
expressed in inner ear hair cells of the mouse ear and
homozygous Klhdc7b knock-out mice from the International
Mouse Phenotyping Consortium showed abnormal auditory
brainstem response.
We also identified an association between H-both and rare-

variant rs146694394 in SYNJ2 (OR= 1.4) in the mega-sample
which was replicated in the secondary-replication sample. An
association between SYNJ2 was previously reported but not
replicated [5, 8]. SYNJ2 encodes synaptojanin2, an important
enzyme in clathrin-mediated endocytosis, that is known to cause
high-frequency progressive HL in mice [27, 28]. Although the
mechanisms underlying the HL caused by Synj2 in mice are not
fully understood, outer hair cell degeneration seems a plausible
origin for the HL [27]. In humans, SYNJ2 is expressed in the outer
spiral bundles and in the spiral ganglion neuronal cells, possibly
increasing the risk of HL by altered synaptic activity between the
spiral neurons and the outer hair cells [29].
We furthermore identified a rare-variant aggregation associa-

tion with H-aid and PUS7L that encodes pseudouridylate synthase
7 homolog-like protein and is a paralog of PUS7. In humans,
pseudouridine synthases are encoded by 13 genes and are
thought to increase RNA stability by pseudouridylation, that is the
isomerization of uridine into 5-ribosyluracil (pseudouridine, Ψ)
[30, 31]. PUS have not been very well studied in humans, however
some Mendelian diseases have been recently linked to PUS1, PUS3,
and PUS7 [32–35]. An OR= 0.71 for PUS7L suggests rare-variants in
this gene are protective for ARHL. The association for this gene
was identified in the mega-analysis but a replication sample was
not available therefore additional study is necessary.
Additionally, rare-variant aggregate analysis demonstrated the

important contribution of Mendelian HL genes, i.e. MYO6, TECTA,
and EYA4 to the genetics of ARHL. It is of note, that these
Mendelian HL genes found to be associated with ARHL here either
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have shown to mimic ARHL and/or show a variable onset/severity
of HL. For MYO6 we identified and replicated both single-variant
and rare-variant aggregate associations for ARHL. MYO6 underlies
ADNSHL (DFNA22) and autosomal recessive NSHL (DFNB37)
[36, 37]. For MYO6 inherited with an autosomal recessive mode
of inheritance the NSHL is prelingual, profound, and affects all
frequencies [37]. On the other hand, ADNSHL due to MYO6 is
postlingual progressive and can range from moderate to profound
[36, 38]. The ultra-rare missense variant we found in MYO6,
rs121912560: p.(His246Arg) which is classified as PLP in CLinVar
was identified in a large family with AD progressive sensorineural
HL, with reduced penetrance and variable age-of-onset [39]. PLP
MYO6 variants have been observed to cause late-onset HL. The
effect size for rs121912560 (MYO6) ranged from OR= 26 (H-noise)
to OR= 200 (H-aid) (Table 2). After removing rs121912560 from
the rare-variant aggregate analysis, the effect size decreased
considerably (H-aid mega-sample OR= 1.46) but remained
significant (Table 3). The MYO6 rare-variant aggregate analyses

included three PLP variants for NSHL amongst other variants (see
Table S5), suggesting that additional MYO6 rare-variants may play
a role in ARHL etiology.
TECTA, that encodes alpha-tectorin, underlies ADNSHL (DFNA12)

and autosomal recessive NSHL (DFNB21). Aggregate analysis of
rare pLoF variants in TECTA displayed ORs ranging from 1.93 to
2.35. ADNSHL due to TECTA is progressive, affects mid-high
frequencies, and previous reports have described that HL due to
AD TECTA variants may mimic ARHL [40].
EYA4 (Eyes Absent Homolog 4) participates in the development

of different organs including the inner ear. In humans, EYA4
variants cause ADNSHL (DFNA10) with early to late age-of-onset
and severe phenotype that ultimately progresses to profound HL
[41]. In our rare-variant aggregate analyses, EYA4 was only
associated with H-aid (OR= 27.1), possibly indicating that this
gene could cause a more severe form of ARHL.
GJB2, which was associated with ARHL in the rare-variant

aggregate mega-analysis, is a known gene for autosomal recessive

Fig. 3 Expression of PDCD6/Pdcd6 in the human and mouse inner ear. Pdcd6 expression levels (normalized counts) from RNA sequencing of
hair cells (GFP+) and surrounding cells (GFP-) from the cochleae and utricles of mice at four developmental stages: E16, P0, P4, and P7. Pdcd6
is expressed in cochlea and utricle cells over all four developmental stages (A). Pdcd6 expression levels (top panel: red = high expression,
yellow = low expression) and location in the cochlear floor epithelium at P7 developmental stage (bottom panel: colors indicate the cell type).
The scale bar represents gene expression based on log transformed and normalized expression data. Abbreviations for bottom panel: BM
basilar membrane cells, DC dieter cells, Hensen Hensen cells, IHC inner hair cells, IPC inner pillar cells, ISC inner sulcus cells, LGER lateral great
epithelial ridge cells, MGER medial greater epithelial ridge cells, MLGER medial lateral greater epithelial ridge cells, OHC outer hair cells, OPC
outer pillar cells, OS outer sulcus cells, Glia glial cells (B). RNA expression of Pdcd6 obtained from microarray data based on perfect match and
mismatch probe differences (PM/MM) in spiral ganglion neurons and vestibular ganglion neurons from mice at six developmental stages: E12,
E13, E16, P0, P06, and P15 (C). PDCD6 expression in the adult human inner ear. PDCD6 expression data (normalized counts) were obtained from
RNA sequencing of adult human inner ear tissues (D).
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NSHL (DFNB1A), accounting for up to 50% of the cases. GJB2
variants have also been described for families with ADNSHL
(DFNA3A) [42]. For a range of GJB2 pLoF/missense variants,
phenotype variability has been described. Even in the presence of
c.35delG, the most common cause of autosomal recessive NSHL in
European populations, some individuals can display mild HL in the
presence of a second non-truncating variant [43]. Additionally,
pathogenic missense variants, p.(Met34Thr) and p.(Val37Ile) are
known to have reduced penetrance, variable expressivity, and
cause a milder HL with onset <18 years-of-age that can progress
[44]. The association between ARHL and GJB2 is most likely due to
milder forms of HL that went undiagnosed and therefore lacked
ICD10/ICD9 or self-report codes (Table S2). It is unlikely that GJB2
contributes to ARHL. A previously reported association between
GJB2 and ARHL may also be due to individuals with early-onset HL
being included in the analysis [26].
Through analysis of our mega-sample, we also identified new

common variant associations for TBL2, MLXIPL, and PIK3R3 genes,
which have not been previously associated with ARHL. For TBL2
and MLXIPL that are in LD only the variant in MLXIPL was replicated
adjusting by variants and not by traits. TBL2 and MLXIPL are
deleted/duplicated in individuals with Williams-Beuren syndrome
a developmental disorder caused by deletion of multiple genes at
7q11.23 with some patients presenting with sensorineural HL that
resembles noise-induced HL [45, 46]. Although there are no
studies investigating the role of TBL2 or MLXIPL in human hearing,
MLXIPL has been proposed as a hair-cell-specific transcription
factor in the utricle hair cell regeneration process of the chicken
inner ear [47].
The PIK3R3 association was replicated in the secondary-

replication sample. PIK3R3 has been shown to be differentially
expressed in the murine cochlea, with the highest levels of
expression in the inner hair cells [48]. Additionally, PI3K signaling
pathway has been shown to promote hair cell survival in mouse
cochlea cell cultures after treatment with ototoxic medications
(e.g., aminoglycoside) and it is hypothesized that lack of signaling
could be a cause of HL [49]. PIK3R3 is in strong LD with MAST2 and
they are unlikely to be separate signals. Based on the importance
of PIK3R3 in hair cell survival this gene is more likely to contribute
to hearing etiology than MAST2. The UTR variant in PIK3R3 could
possibly increase gene expression and have a protective effect
(OR= 0.95) via the promotion of hair cell survival.
In this study we evaluated the contribution of rare-variants to

the etiology of ARHL. We demonstrated that not only do
Mendelian HL genes (EYA4, MYO6, and TECTA) play a role in
ARHL, but also rare-variants in PDCD6, KLHDC7B, and SYNJ2 which
are not known to cause Mendelian forms of HL. The role of PDCD6
in HL was first reported here, and this finding strengthens the role
of programmed cell death in ARHL. It was also observed that the
effect sizes for rare-variants were much higher than those
observed for common variants including those genes i.e., PDCD6,
SYNJ2, and KLHDC7B which do not cause Mendelian HL. Due to
rare-variants having larger effect sizes, they should play a crucial
role in risk prediction by increasing accuracy. Although most
findings were replicated in independent samples of white-
Europeans, additional studies are necessary to elucidate whether
these variants/genes play a role in the genetic etiology of ARHL in
other populations.

Web resources
Genome aggregation database (gnomAD): https://
gnomad.broadinstitute.org/
Gene expression analysis resource (gEAR) https://umgear.org/
Hereditary hearing loss homepage: https://

hereditaryhearingloss.org/
International mouse phenotyping consortium (IMPC): https://

www.mousephenotype.org/
Online inheritance in man (OMIM): http://www.omim.org/

Shared Harvard inner-ear laboratory database (SHIELD): https://
shield.hms.harvard.edu/
UK Biobank: https://www.ukbiobank.ac.uk/

DATA AVAILABILITY
Individual-level sequence and phenotype data, from which we derived the traits
studied here, are available to approved researchers in the UK Biobank repository.
Instructions for access to UK Biobank data are available at https://
www.ukbiobank.ac.uk/enable-your-research. Summary statistics for the rare-variants
tested in this study are also available in the GWAS Catalog (accession ID is
GCP000519).

CODE AVAILABILITY
The code used to run the analyses and create the figures presented here is available
at https://github.com/statgenetics/ARHL-UKB-Rare-Variants.
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