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Background: tinnitus is a heterogeneous condition associated with audiological and/or mental disorders.
Chronic, severe tinnitus is reported in 1% of the population and it shows a relevant heritability, according to
twins, adoptees and familial aggregation studies. The genetic contribution to severe tinnitus is unknown
since large genomic studies include individuals with self-reported tinnitus and large heterogeneity in the
phenotype. The aim of this study was to identify genes for severe tinnitus in patients with extreme
phenotype.
Methods: for this extreme phenotype study, we used three different cohorts with European ancestry (Spanish
with Meniere disease (MD), Swedes tinnitus and European generalized epilepsy). In addition, four indepen-
dent control datasets were also used for comparisons. Whole-exome sequencing was performed for the MD
and epilepsy cohorts and whole-genome sequencing was carried out in Swedes with tinnitus.
Findings: we found an enrichment of rare missense variants in 24 synaptic genes in a Spanish cohort, the
most significant being PRUNE2, AKAP9, SORBS1, ITGAX, ANK2, KIF20B and TSC2 (p < 2E-%4), when they were
compared with reference datasets. This burden was replicated for ANK2 gene in a Swedish cohort with 97 tin-
nitus individuals, and in a subset of 34 Swedish patients with severe tinnitus for ANK2, AKAP9 and TSC2 genes
(p < 2E79%). However, these associations were not significant in a third cohort of 701 generalized epilepsy
individuals without tinnitus. Gene ontology (GO) and gene-set enrichment analyses revealed several path-
ways and biological processes involved in severe tinnitus, including membrane trafficking and cytoskeletal
protein binding in neurons.
Interpretation: a burden of rare variants in ANK2, AKAP9 and TSC2 is associated with severe tinnitus. ANK2,
encodes a cytoskeleton scaffolding protein that coordinates the assembly of several proteins, drives axonal
branching and influences connectivity in neurons.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Tinnitus is the perception of noise in the absence of an external
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the world population; however, tinnitus is considered a disorder
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Research in context

Evidence before this study

Tinnitus is the perception of noise or ‘ringing in the ear’ in the
absence of an external acoustic stimulation affecting more than
15% of population. Severe tinnitus disturbing quality of life is
experienced by 1% of the population and it has a significant her-
itability according to twins, adoptees and familial aggregation
studies [47,48]. A systematic review of extreme phenotype
strategies to search for rare variants in genetic studies of com-
plex disorders has found evidence to support a high effective-
ness to reveal rare pathogenic variants and target novel
candidate genes; particularly in neurological disorders such as
epilepsy or Parkinson disease. By selecting individuals with tin-
nitus extreme phenotype, we should expect a burden of rare
variation in certain genes associated with severe tinnitus.

Added value of this study

We have found a significant enrichment of missense rare var-
iants in synaptic genes including ANK2, TSC2 and AKAP9 in
patients with tinnitus extreme phenotype in Meniere disease
patients. We also replicated these findings in an independent
cohort of tinnitus patients from Sweden. Gene ontology (GO)
and gene-set enrichment analyses revealed several pathways
and biological processes involved in severe tinnitus, the top GO
terms being membrane trafficking and cytoskeletal protein
binding in neurons.

Implications of all the available evidence

This is the first study reporting the association of rare variation
in ANK2, TSC2 and, AKAP9 genes with severe tinnitus and sup-
ports the involvement of membrane trafficking and cytoskeletal
protein binding in the pathophysiology of severe tinnitus.

and/or autonomic arousal, leading to behavioural changes and func-
tional disability [1,2]. The main risk factor of tinnitus is hearing loss,
but it is often associated with other conditions including hyperacusis,
anxiety, depression, hypertension, insomnia or migraine [3]. Meniere
disease (MD) is a rare inner ear disorder with a significant genetic
contribution [4], characterized by episodes of vertigo, tinnitus and
sensorineural hearing loss [5]. Although vertigo attacks are consid-
ered as the main symptom in the first years of the disease, persistent
tinnitus is described as the most troublesome symptom by many MD
patients [6,7].

Evidence for a genetic contribution to severe tinnitus is unknown
since large genomic studies include individuals with self-reported
tinnitus and large heterogeneity in the phenotype [8,9].The extreme
phenotype (EP) strategy has been used in exome sequencing studies
to investigate the genetic contribution of rare variants in rare and
complex disorders [10,11]. Individuals with EP are characterized by
extreme clinically relevant attributes, toxic effects, or extreme
responses to a treatment. EP covers both extreme ends of a pheno-
type distribution in quantitative traits and a burden of rare variation
is expected in certain genes in individuals with a severe tinnitus [12].

The aim of this study was to identify rare variants in synaptic
genes by exome sequencing in patients with severe tinnitus. For this,
we performed a gene burden analysis (GBA) in Spanish patients with
MD and tinnitus EP. Candidate genes ANK2, TSC2 and AKAP9 found in
the MD-EP cohort were replicated in a Swedish tinnitus cohort, but
not in a third generalised genetic epilepsy cohort, overall identifying
the first putative genes involved in severe tinnitus.

2. Materials
2.1. Subjects and definition of phenotype

Individuals were recruited through the Meniere disease Consor-
tium (MeDiC), and the diagnosis of patients was performed according
to the diagnostic criteria for MD stated by the Barany society [13].
The Spanish version of the Tinnitus Handicap Inventory (THI) ques-
tionnaire [14] was used to assess the tinnitus severity and the func-
tional impact of tinnitus on daily life [15]. A total of 59 Spanish
patients with chronic and persistent tinnitus were selected among
1890 individuals from the MeDiC cohort, according to percentile 90
in the THI score (extreme cases). Diagnosis and psychoacoustic char-
acterization of chronic tinnitus in patients with MD was performed
as previously reported [16].Tinnitus EP was defined in MD patients
(MD-EP) with an early onset and severe persistent tinnitus according
to Tinnitus Handicap Inventory (THI) score [16]. Thirty individuals
with THI score >76 were classified as extreme phenotype (EP), 29
individuals with THI > 56 and <76 were defined as almost extreme
phenotype (AEP). An in-house group of patients with MD without
persistent tinnitus (N =32) were used as internal controls for this
study. The clinical information of patients with MD and tinnitus phe-
notypes is detailed in (Supplementary Tables 1 and 2). A second inde-
pendent tinnitus cohort of 97 individuals from Sweden was selected
as a replication cohort: the Tinnitus Swedish Tinnitus Outreach Proj-
ect (STOP) [17] which originates from the LifeGene study [18]. A sub-
group of 34 individuals with severe tinnitus was also selected
according to the THI > 56 (Supplementary Table 3). We also retrieved
rare variants summary statistics data from a third cohort of patients
with epilepsy, the CoGIE cohort, that consisted of 701 individuals
(152 Generalised genetic epilepsy cases and 549 controls), previously
reported [19]. The CoGIE cohort was select as an external control to
confirm that the genes associations reported in tinnitus were not
observed in a non-related neurological disorder. All cases and con-
trols were of European ancestry.

3. Procedures

Whole exome sequencing (WES) was performed on MD-EP, MD-
AEP cases and in-house MD controls. DNA was extracted from blood
or saliva samples using quality controls as previously described [20].
Exon capture was done with the SureSelectXT Human All Exon V6
(Mb) kit (Agilent), and the sequencing was done using HiSeq 4000
platform (Illumina) or NovaSeq 6000 platform (llumina). Paired-end
reads were generated per sample to provide an on-target coverage of
100X minimum, with a total coverage of 10GB/sample in HiSeq4000
and 18GB/sample in Novaseq 6000. Read size was 100bp on HiSeq
4000 sequenced samples and 150 bp on Novase6000 sequenced
samples.

Raw reads were stored as FASTQ files for each individual. GATK
best practices pipelines were utilized to generate Binary Alignment
Map (BAM) and Variant Calling Format (VCF) files from raw
unmapped reads [21]. Human reference genome GRCH37/hg19 was
used to align the reads with the help of Burrows-Wheeler Aligner
(BWA-MEM) algorithm. To filter out low quality single nucleotide
variants (SNVs) the recommended hard filter was applied as "quality
by depth (QD), < 2.0 || fisher strand (FS) > 60.0 || root mean square
quality mapping (MQ) < 40.0 || MQRankSum < -12.5 || ReadPosRank-
Sum < -6.0". QD is used to normalize the quality of variants to evade
the inflation in the existence of deep coverage. FS determines the
probability which is based on Phred-scale of the site in case there is
strand biasness. This score describes if the alternate alleles are more
or less on the reverse or forward strand as compared to reference
allele. MQ parameter explains the mapping quality of a site.

The called variants were further filtered out by an in-house MD
control dataset composed of 32 individuals to exclude variants
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associated with MD. The final list of remaining variants was function-
ally annotated using KGGSeq suite [22] v1.0 and ANNOVAR tool [23]
2019Nov04.

To search for target genes involved in tinnitus, we have used the
list of genes included in SynaptomeDB (N =1886). Genes encoding
synaptic components included scaffold proteins, membrane trans-
porters, cytoskeletal/adhesion proteins, neurotransmitters and its
receptors (hereafter referred as synaptic genes, SG) [24]. Additionally,
hearing loss genes (N =152) from Deafness Variation Database (DVD)
v.8.1(http://deafnessvariationdatabase.org) were also analyzed to
separate the potential effect of rare variation in hearing loss genes on
tinnitus [25].

In order to search for variants associated with tinnitus, two types
of variant analysis were performed: single variant analysis (SVA) and
gene burden analysis (GBA) for MD-EP and MD-AEP (Supplementary
Fig. 1). A flowchart for variant analysis according to the type of vari-
ant, location in coding or non-coding regions and effect on the pro-
tein is described(Supplementary Fig. 2).We have used three
independent datasets as reference population: Non-Finish European
(NFE) population dataset from gnomAD.v2, NFE from gnomAD.v3
[26] and a Spanish dataset from Collaborative Spanish Variant Server
(CSVS) [27].We also called small insertions and deletions (indels)
from MD-EP and MD-AEP patients and filtered out by in-house con-
trols and the filtering criteria was applied according to GATK best-
practice guidelines. All variants were assessed and evaluated accord-
ing to the guidelines provided by American College of Medical Genet-
ics and Genomics (ACMG) and the Association for Molecular
Pathology (AMP) [28]. The final filtered list of candidate variants was
checked through IGVv.2.8.9, further validated by Sanger sequencing
and represented using Illustrator for biological sequences (IBS) [29].

Gene ontology (GO) analyses and gene enrichment analyses were
performed using GSEA and MsigDB (https://www.gsea-msigdb.org/
gsea/index.jsp) as previously described [30]. Two gene lists generated
according to the GBA for rare SNVs and indels including 24 and 31
genes were used to retrieve signalling pathways and biological pro-
cesses. For Gene expression analysis, In-situ hybridization (ISH) data
in the mouse brain were obtained from the Allen Brain Atlas data set
(http://www.brain-map.org), methods for data collection have been
described previously®!(Supplementary Note 1).

3.1. Statistical analysis

NFE population datasets from gnomAD.v2 (Exomes = 56,885;
Genomes = 7718), and gnomAD.v3 (Genomes = 32,399), a Spanish
population dataset from CSVS (Exomes = 1942) and a Swedish popu-
lation dataset from SweGen (Genomes = 1000) were used as control
groups [32] to compare the minor allele frequency (MAF) and to cal-
culate the odds ratio (OR) for Spanish MD-EP and Swedish tinnitus
cohorts. For SVA the OR with 95% CI was calculated for each variant
using the three control datasets and p-values were corrected by the
total number of variants being compared. For GBA, total alternate
alleles per gene using 2 x 2 contingency matrixes were calculated for
EP, AEP and control datasets. For each gene, the OR was calculated
with 95% CI and two-tailed p-value was corrected for multiple testing
by the total number of genes being compared following Bonferroni-
correction. A corrected p-value <0.05 was considered significant. For
each gene, the Etiological Fraction (EF) was also calculated as previ-
ously described [33].

3.2. Role of the funding source

The funders of this study had no role in study design, patient
recruitment, data analysis, its interpretation or writing the manu-
script. The authors had full access to data used in this study with the
responsibility to submit it for publication.

3.3. Ethical approval

This study has been approved by the Andalucian Ethical Review
Board and written consent was obtained from all subjects to conduct
genetic studies (Protocol number 722046).

4. Results
4.1. Synaptic genes in Spanish patients with tinnitus extreme phenotype

First, we performed a SVA in patients with tinnitus EP in MD. The
total number of obtained variants with MAF <0.05 were 2287 for
MD-EP and 1610 for MD-AEP, respectively. Two missense variants
were found significantly associated in patients with MD-EP after p-
correction. The first was a heterozygous variant and it was found in 3
unrelated individuals located at exon 21 in DAAM1 gene
(chr14:59826182A>C; p.Asn875His; 1s61740455) with
MAFys= 0.002 and CADD = 17.85). The associated second variant
was located at exon 32 in MYH10 gene (chr17:8397065C>A; p.
Ala1399Ser; rs149021341; MAF.,s = 0.001, CADD = 22), and it was
found in 2 individuals and one of the carriers was homozygous. Next,
we carried out a GBA in the Spanish MD cohort with EP and AEP. For
this, we selected variants with MAF<0.1 to analyze the combined
effect of different common and rare variants in the same gene. The
retained variants in patients were 4625 for MD-EP and 3592 for MD-
AEP, respectively after filtering by MD in-house controls to rule out
rare variants associated with hearing or vestibular phenotypes. The
GBA of missense variants showed 24 significant genes in tinnitus
MD-EP including PRUNE2, AKAP9, SORBS1, ITGAX, ANK2, KIF20B,
LRPPRS, SYNPO, TSC2 (Table 1), and 18 genes for MD-AEP (Supplemen-
tary Table 4). Interestingly, none of these genes showed an enrich-
ment of synonymous or 5UTR variants in MD-EP (Supplementary
Tables 5 and 6); additionally, the genes from synonymous analysis
for AEP are detailed (Supplementary Table 7) The most significant
finding for EP was an enrichment of missense variants in the ANK2
gene, against NFE population from gnomAD.v2 [OR =18.30
(6.78—49.40), EF = 0.95, corrected-p =1.80E-05], gnomAD.v3
[OR =19.95(7.36-54.08), EF = 0.95, corrected-p = 7.55E—06] and
Spanish population from CSVS [OR = 21.93(7.02—-68.48), EF= 0.95,
corrected-p = 2.02E-04]. In ANK2, four different missense rare var-
iants were found in 3 different sporadic cases; three of the variants
were novel and they have not been reported in gnomAD or CSVS
databases. The variant 4:114294537G>A; exon 45 was found only in
one case and two of the novel variants 4:114277102T>G; exon 38
and 4:114294509G>C; exon 45 were carried by the same patient.
The third novel variant 4:114262911A>G was located at exon 33
(Supplementary Table 8 and Supplementary Fig. 3).

In the next step, we selected missense variants with CADD>20
from SG in MD-EP (561 SNV) and MD-AEP (560 SNV) for the GBA.
CADD score describes the deleteriousness of SNVs and can be used to
prioritize the disease causal variants explaining the underlying
genetic architecture and effect size. We obtained 7 genes with signifi-
cant burden of rare pathogenic variants for MD-EP (Supplementary
Table 9), and 9 significant genes for MD-AEP (Supplementary Table
10), when they were compared with reference datasets.

Finally, we performed a SVA and GBA of indels in SG from Spanish
patients with MD-EP and MD-AEP. Indels were further filtered out by
in-house controls. A total of 1565 indels (MAF<0.05) for SVA, and
2370 indels (MAF<0.1) for the GBA were retrieved for the MD-EP,
and 1404 indels for SVA (MAF<0.05) and 1693 (MAF<0.05) for GBA
in the MD-AEP groups, respectively. We found an enrichment of
indels in 31 genes in the MD-EP (Supplementary Table 11), including
TSC2, AKAP9 and several other genes and 48 genes in the MD-AEP
(Supplementary Table 12), when data were compared with European
reference datasets (gnomAD.v2 and gnomAD.v3). Unfortunately, we
cannot compare the allelic frequencies in MD-EP or MD-AEP for the
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Table 1

List of synaptic genes showing enrichment of missense variants in Spanish patients with Meniere disease and tinnitus extreme phenotype (MD-EP). Three reference datasets
(Non-Finnish European from gnomAD.v2 or gnomAD.v3, Spanish from CSVS) were used to compare allelic frequencies for each gene in the MD cohort. Listed genes were signifi-

cant when they were compared against CSVS reference dataset.

Gene #variants  [gnomAD.v2] OR(CI) EF Correctedp  [gnomAD.v3] OR(CI) EF Correctedp ~ [CSVS] OR(CI) EF Corrected p
PRUNE2 9 6.02(3.60—10.07) 0.83  1.44E-08 5.89(3.52-9.85) 0.83  2.75E-08 5.40(3.17-9.20) 0.81  1.08E-06
AKAP9 6 12.32(5.48-27.68) 092  2.2E-06 13.89(6.17-31.27) 0.93  4.04E-07 6.68(2.86-15.57) 085  2.07E-02
SORBS1 6 10.93(4.87-24.55) 091  1.31E-05 11.52(5.12-25.93) 091  6.57E-06 7.73(3.30-18.12) 0.87  4.86E-03
ITGAX 5 73.02(29.68-179.66) 099  <1.00E-15 61.68(24.88-152.94) 098  <1.00E-15 14.29(5.40-37.86) 0.93  1.63E-04
ANK2 4 18.30(6.78—49.40) 095  1.80E-05 19.95(7.36-54.08) 0.95  7.55E-06 21.93(7.02-68.48) 095  2.02E-04
KIF20B 4 7.76(3.45-17.49) 0.87  1.42E-03 8.43(3.74-19.01) 0.88  5.27E-04 16.57(6.71-40.92) 094  2.15E-06
TSC2 4 63.73(23.35-173.96) 0.98  8.38E-13 53.56(19.47-147.30) 0.98  2.35E-11 21.93(7.02-68.48) 0.95  2.02E-04
SPHK2 4 5.47(2.25-13.28) 082 NS 5.51(2.27-13.39) 082 NS 8.45(3.30-21.64) 0.88  1.61E-02
SYNPO 4 74.87(27.35-204.94) 099  <1.00E-15 78.43(28.21-218.03) 099  <1.00E-15 32.90(9.84-110.01) 097  2.66E-05
LRPPRC 4 49.75(18.29-135.32) 098  3.73E-11 73.20(26.39-203.03) 099  4.19E-13 21.93(7.02-68.48) 0.95  2.02E-04
XYLT1 4 2.00(0.74-5.38) 050 NS 2.09(0.78-5.61) 052 NS 10.95(3.77-31.82) 091  2.04E-02
ALCAM 3 8.22(2.62-25.81) 088 NS 9.48(3.01-29.81) 0.89 NS 24.67(6.49-93.76) 096  4.77E-03
CDH13 3 12.15(4.50-32.85) 092  1.60E-03 13.09(4.83-35.46) 0.92  8.05E-04 33.08(9.87-110.87) 0.97  2.69E-05
DOCK7 3 52.57(16.54-167.10) 0.98  3.53E-08 70.09(21.61-227.27) 0.99  2.71E-09 24.67(6.49-93.76) 096  4.77E-03
BIN1 3 56.70(17.82-180.42) 0.98  1.53E-08 73.20(22.54-237.74) 099  1.72E-09 49.36(10.97-222.15) 098  7.11E-04
FLII 3 26.77(8.48-84.44) 096  3.87E-05 33.95(10.66-108.12) 097  4.64E-06 24.67(6.49-93.76) 096  4.77E-03
HSPA4L 3 17.41(5.53-54.77) 094  1.95E-03 16.71(5.29-52.75) 0.94  2.98E-03 16.44(4.60-58.77) 0.94  3.11E-02
IQSEC1 3 32.85(10.39-103.82) 0.97  5.12E-06 30.49(9.59-96.94) 097  1.32E-05 24.67(6.49-93.76) 096  4.77E-03
IQSEC3 3 4.16(1.33-13.04) 076 NS 4.47(1.43-14.03) 0.78 NS 16.44(4.60-58.77) 094  3.11E-02
LLGL1 3 27.29(10.06-74.03) 096  1.57E-07 25.08(9.21-68.31) 0.96  5.53E-07 13.92(4.69-41.32) 093  4.01E-03
MADD 3 128.54(39.58-417.46) 0.99 1.26E-12 73.20(22.54-237.74) 0.99 1.72E-09 49.36(10.97-222.15) 0.98 7.11E-04
MBP 3 170.13(51.78-559.02) 099  <1.00E-15 82.35(25.24-268.68) 0.99  4.99E-10 16.44(4.60-58.77) 094  3.11E-02
MPRIP 3 82.62(25.77-264.88) 099  2.10E-10 78.43(24.09-255.39) 0.99  8.32E-10 49.36(10.97-222.15) 098  7.11E-04
NRCAM 3 69.68(21.82-222.56) 0.99  1.49E-09 50.67(15.78-162.74) 0.98  8.07E-08 49.36(10.97-222.15) 098  7.11E-04
TRAP1 3 13.72(4.37-43.13) 093  1.39E-02 11.27(3.58-35.47) 091 NS 24.67(6.49-93.76) 096  4.77E-03
VCAN 3 90.37(28.13-290.35) 099  741E-11 76.61(23.55-249.22) 099  1.07E-09 24.67(6.49-93.76) 096  4.77E-03
MYO18A 3 204.11(72.08-577.95)  0.99  <1.00E-15 169.90(58.69-491.88) 099  <1.00E-15 33.08(9.87-110.87) 0.97  2.69E-05
MYO5A 3 13.72(4.37-43.13) 093  1.39E-02 16.97(5.37-53.37) 094  2.62E-03 16.44(4.60-58.77) 094  3.11E-02
PPPIR9A 2 171.57(51.97-566.41) 099  <1.00E-15 127.78(38.15-427.99) 099  7.12E-12 24.87(6.52-94.93) 096  4.84E-03
CCDC22 2 7.38(2.72-20.04) 0.86 NS 8.37(3.08-22.75) 0.88 NS 14.06(4.71-41.98) 0.93  4.08E-03
EPX 2 8.17(3.01-22.19) 0.88 NS 8.69(3.20-23.64) 0.88  4.28E-02 11.61(3.95-34.11) 091  1.54E-02

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by number of variants, NS=Non-

significant p-corrected values

indels using the Spanish reference data (CSVS), since the number of
indels reported in CSVS dataset is low and it will overestimate the
burden. We also compared rare, Loss-of-Function (LoF) variants
including nonsense, splice-site and frame shift small insertions and
deletions in the SG set for MD-EP and MD-AEP. We found 61 LoF var-
iants in the MD-EP and 25 LoF variants in the MD-AEP. However, the
number of nonsense or novel splice-site variants found was small,
and no significant burden of LoF variants was found in MD-EP or
MD-AEP.

4.2. Replication in Swedish patients with severe tinnitus

To replicate the findings in a Swedish cohort with severe tinnitus,
we selected all the significant genes from MD-EP analysis. We used

Table 2

three different population datasets as reference controls (gnomAD.
v2, gnomAD.v3 and SweGen). The observed MAF for each gene was
calculated and compared with controls, whilst p-values were cor-
rected by the total number of variants per gene. Six genes showed an
enrichment of missense variants. Subsequently, we selected a subset
of 34 patients with severe tinnitus (THI score >56) and found a bur-
den of missense variants in ANK2, AKAP9 and TSC2 genes (Table 2).
Missense variants identified in the GBA for ANK2 gene are detailed in
(Supplementary Table 8); most of these variants are clustered around
exons 38 to 45 across the gene sequence (Supplementary Fig. 2).Sup-
plementary Tables 13 and 14, list missense variants found in the GBA
for AKAP9 and TSC2 genes in Spanish and Swedish patients with tinni-
tus. Rare variants found in ANK2 and TSC2 genes were also validated
by Sanger sequencing (Supplementary Figs. 4 and 5).

Swedish Tinnitus replication cohort, Synaptic genes showing an enrichment of missense rare variants in Swedish patients with chronic tinnitus without diagnosis of MD.

Gene #Variants [gnomAD.v2] OR(CI) EF Corrected p [gnomAD.v3] OR(CI)  EF Corrected p  [SweGen] OR(CI) EF Corrected p
Non selected Tinnitus (N=97)

ANK2 8 3.20(1.92-5.33) 0.69 6.25E-05 3.28(1.97-5.47) 0.70 4.08E-05 2.83(1.59-5.02) 0.65 3.02E-03
MYO18A 5 5.99(2.84-12.64) 0.83 1.34E-05 5.94(2.81-12.57) 0.83 1.61E-05 6.60(2.55-17.07) 0.85 4.93E-04
MADD 4 4.99(2.23-11.17) 0.80 3.78E-04 4.78(2.13-10.73) 0.79 6.04E-04 3.89(1.52-9.97) 0.74 1.87E-02
KIF20B 4 4.99(2.06-12.06) 0.80 1.45E-03 4.89(2.02-11.87) 0.80 1.77E-03 3.70(1.33-10.30) 0.73  4.90E-2
MPRIP 3 35.36(11-113.70) 0.97 6.53E-09 28.77(8.82-93.82) 0.97 7.60E-08 15.54(2.59-93.19) 0.94 8.05E-03
MBP 2 12.95(3.18-52.76) 0.92 7.04E-04 35.34(8.20-152.23) 0.97 3.43E-06 10.36(1.45-73.74) 090 3.91E-02
NRCAM 2 47.15(11.13-199.77) 0.98 3.37E-07 111.91(22.52-556.20) 0.99 1.62E-08 20.72(1.87-229.04) 0.95 2.68E-02
Severe tinnitus (N=34)

AKAP9 3 4.93(2.03-12) 0.80 1.29E-03 5.80(2.38-14.12) 0.83 3.20E-04 3.32(1.31-847) 0.70 3.50E-2
TSC2 2 13.92(4.41-43.93) 093 1.4E-05 10.97(3.47-34.66) 091 9.02E-05 12.87(3.29-50.31) 092 4.81E-04
ANK2 2 11.51(3.65-36.28) 091 6.06E-05 13.20(4.17-41.78) 092 226E-05 4.73(1.38-16.17) 0.79 2.60E-2

OR (CI)= odds ratio (95% confidence interval), EF=etiological fraction, p-corrected values obtained after Bonferroni correction, genes are ordered by number of variants
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In addition, we used an independent cohort of generalized genetic
epilepsy to determine if the association of ANK2, TSC2 and AKAP9
genes with severe tinnitus was a non-specific finding, since some
neurological disorders such as epilepsy could also share some com-
mon genetic background with tinnitus. For this, we performed a GBA
using the same SG list in this epilepsy cohort, but none of the genes
showed a significant enrichment of missense variants strongly sug-
gesting the genes captured here are tinnitus-specific.

Lastly, we performed GBA of indels in the Swedish cohort using
synaptic genes with MAF<0.1. We found 2 genes in the tinnitus
cohort (N = 97), and 6 genes in subgroup with severe tinnitus
(N = 34), showing a significant burden of indels (Supplementary
Table 15).

To investigate the association of rare missense variants in hearing
loss genes with MD-EP, we performed a GBA of missense variants
using hearing loss genes in patients with MD. We obtained 305 var-
iants from EP and 313 from AEP with MAF<O0.1, respectively. The 6
genes included USH1G, ILDR1, OTOA, PCDH15, CACNA1D and NARS2
were found significant in MD-EP (Supplementary Table 16), and 4
genes showed significant enrichment in MD-AEP (Supplementary
Table 17). To replicate the burden of rare variants found in hearing
loss genes in MD-EP patients, we selected a subset of 62 patients
with self-reported hearing problems from the Swedish cohort. Then,
we performed a GBA in the 6 significant hearing loss genes of MD-EP,
however, none of these genes showed an enrichment of missense
variants in this cohort.

4.3. Gene ontology and gene-set enrichment analysis in patients with
tinnitus

We selected 55 significant genes from MD-EP cohort to perform
GO and gene-set enrichment analysis including 24 genes with enrich-
ment of missense variants and 31 genes with enrichment of indels
analysis. The most significant pathway and GO biological processes
involved were the membrane trafficking and cytoskeletal protein
binding (Fig. 1, Supplementary Table 18).

4.4. ANK2 and TSC2 gene expression profile in the mouse brain

In-situ hybridization (ISH) data in the mouse (Ank2: n = 2, Tsc2:
n = 2, one coronally and one sagittally sections each) obtained from
the Allen Mouse Brain Atlas [31] demonstrated strong Ank2 and Tsc2
expression in a number of brain regions (Figs. 2 and 3). Visual inspec-
tion revealed strong expression of both genes in the cortex, hippo-
campus (pyramidal layer of CA1, CA2 and CA3 and the granule cell
layer of the dentate gyrus), olfactory bulb (the granule and mitral

[

Biological process |
Axon

Postsynapse |

Cellular component morphogenesis |

Regulation of transport |

|

|

|

|

|

Actin cytoskeleton
Cytoskeleton organization
Neuron Projection

Actin filament based process
Synapse

Cytoskeletal protein binding

Pathway
Clathrin-mediated endocytosis I.
L1CAM interactions |
Nervous system development | e
Vesicle-mediated transport |
Membrane Trafficking i

Fig 1. Gene ontology (GO) and gene-set enrichment analysis This analyses were per-
formed using 55 genes obtained in the gene burden analysis of MD-EP and GSEA tool
was used to obtained molecular pathways and biological processes.

layers), hypothalamus and cerebellum. In addition, to subregions of
other brain regions, notably: Tenia tecta, the epithalamus (especially
the medial habenula), piriform area (layer 2) and the magnocellular
nucleus (Fig. 3). There was a marked similarity in the brain wide
expression of Ank2 and Tsc2, this could potentially suggest a common
mechanism or brain regions of interest. To confirm this co-expres-
sion, 4,104 genes in the mouse brain were compared (n = 4104).
These data were used to build a probability distribution for deriving a
given amount of coexpression, based on this coexpression of Ank2
and Tsc2 was found to be highly significant (coexpression = 0.9031,
p = 0.0091), Fig. 3, (Supplementary Note 2). Somewhat comparable
human data (though in a much lower quantity, i.e. Ank2: n = 3,
Tsc2 = 2 brains) were also found via the BioGPS gene portal system
(http://biogps.org). These data demonstrated strong expression of
both Ank2 and TSC2 in cortex (occipital and parietal lobes, and pre-
frontal cortex), hypothalamus, cerebellum (peduncles) and the amyg-
dala. Interestingly, the profiles of normalized brain expression of
Ank2 and Tsc2 were also significantly correlated suggesting similar
expression in the human brain also (Pearson's, r = 0.507, p = 0.0031).
Single cell RNA-seq data from the Allen Cell Types Database also
revealed similarities between human and mouse expression [34]. For
both humans and mice Ank2 and Tsc2 expression was significantly
differentially distributed in cortical neurons (KS test, humans: Ank2,
p=1.1 x 1076 Tsc2, p = 1.4 x 107'2, mouse: Ank2, p = 1.8 x 1072,
TSC2, p = 1.2 x 107°), where stronger expression was commonly
observed in pyramidal neurons when compared to inhibitory inter-
neurons (Supplementary Fig. 6).

5. Discussion

The present study reports for the first time a burden of rare mis-
sense and structural variants in several SG in patients with severe tin-
nitus. These genes are involved in cytoskeleton organization and
cytoskeleton protein binding in neurons suggesting novel mecha-
nisms involved in tinnitus severity. In particular, a burden of mis-
sense rare and novel variants in ANK2, AKAP9 and TSC2 genes in
Spanish MD patients with severe tinnitus (MD-EP), which was repli-
cated in a Swedish cohort of individuals with severe tinnitus. Using a
large generalized genetic epilepsy cohort, we could confirm the spec-
ificity of these new genes to tinnitus.

The synapse between sensory inner hair cells, primary auditory
neurons and these neurons itself are potential candidates for tinnitus,
but its perception and long term maintenance involves complex net-
works in the central nervous system, both in auditory and in non-
auditory structures [35]. GO analyses suggest that membrane traffick-
ing and cytoskeletal protein binding in neurons are involved at the
molecular level. Future studies in a larger cohort of tinnitus patients
will confirm these predictions.

Tinnitus is associated with hearing loss in 90% of cases, according
to standard pure tone audiograms. The most accepted causative
model of tinnitus is based on the reduction in the auditory input
associated with hearing loss, which leads to increased gain in the
auditory pathway; that is, an amplification of spontaneous activity in
the auditory neurons will lead to the perception of tinnitus [36]. This
change in the intrinsic neuronal excitability after sensory deprivation
occurs at the axon initial segments (AISs), the site of initiation of the
action potential, which increase in length, and expression of voltage-
dependent Na+ channels and Ankyrin-G. A membrane scaffolding
protein encoded by the ANK2 gene in the AlSs.

The ANK2 (ENSG00000145362) gene, located at chromosome
4q25-q26, encodes Ankyrin-2, a large structural protein that carries
death and ankyrin repeat containing domains. The Ankyrin gene has
46 exons in total and the exon 37/38 is brain specific [37,38]. It
belongs to the ankyrin family that links the integral proteins to the
fundamental spectrin-actin cytoskeleton and plays an important role
in different activities including micrometer scale organization of
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plasma membranes in a broad spectrum of physiological context.
ANK2 encodes two different polypeptide including Ankyrin-2
(expressed in different tissues) and giant Ankyrin-2, a neuro-specific
isoform variant expressed broadly in the central nervous system,
with 2133 residues encoded by exon 37 between death and spectrin-
binding domains [38]. Giant Ankyrin-2 is a key protein to keep con-
nectivity and neural activity in the central nervous system. It contrib-
utes to the development, maintenance and the refinement of neural
circuits in different brain areas. The neural signals that arise at AISs
site regulate the neural activity. However, the lack of auditory input
can cause an increase in the length of AISs ultimately exciting the
auditory neurons in avian brainstem [39]. In addition, this is accom-
panied with an increase in whole-cell Na* current, membrane excit-
ability and spontaneous firing. After auditory deprivation, the
preservation of auditory function indicates that the change may have
occurred at synaptic functionality level rather than at the structural
level. However, the homeostatic changes occurring at AISs might
play an important role to maintain the integrity of the remaining
neurons in auditory circuits [39], something that may also occur in
severe tinnitus.

Rare variations in ankB isoform may produce an increase of axonal
branching [38]. In humans, rare variants in ANK2 gene have previ-
ously been reported in individuals with autism spectrum disorder
[38] and long QT syndrome [40].

Epidemiological and genetic studies consistently support that
severe tinnitus has a genetic contribution[47]1[48] and common and
rare variants with epistatic effects shape the phenotype [3,41]. A
recent GWAS using a broad definition for tinnitus found a small num-
ber of loci and common variants with small effect sizes [42].

Tinnitus as a neurological disorder may not only result from sen-
sory deprivation as it probably occurs in high-frequency hearing loss
or MD, or after synaptic reorganization that lead to changes on the
neuronal excitability at different brain areas, but also from enhanced
connectivity with non-auditory brain regions as it is often observed
in tinnitus patients or individuals with severe tinnitus [43].

ANK?2 is expressed in a number of distinct auditory and non-audi-
tory brain regions within the mouse brain. We investigated ANK2 and
TSC2 co-expression profile by selecting RNAseq data, confirming that
both genes have a significant co-expression in the mouse. Human
data (on a much grosser) scale appears to confirm this with signifi-
cant correlation of these genes across the brain regions for which
data was available. In addition, both genes demonstrated significantly
greater expression in excitatory neurons than inhibitory neurons,
potentially suggesting their importance in the function of this class of
neurons.

By using https://shield.hms.harvard.edu/index.html, we have con-
firmed the expression of ANK2, TSC2 and AKAP9 in spiral ganglion
neurons. However, it is difficult to assess quantitatively about expres-
sion throughout the auditory system as the Allen Brain ISH data are
not annotated to include subregions, and not all auditory sub-nuclei
are categorized. However, visual inspection shows noticeably stron-
ger expression of ANK2 in the dorsal Inferior Colliculus. Expression of
TSC2 does not stand out relative to other non-auditory nuclei.

Interestingly, we have found a burden of rare variation in AKAP9,
another gene previously associated with long-QT syndrome [44].
AKAP9 encodes A-kinase anchor protein 9, a member of the A-kinase
anchor protein family, whose known function is binding to the pro-
tein kinase A (PKA) regulatory subunit with the objective of enclose it
to different parts of the cell where phosphorylation is needed [45].

Our study also reveals a significant enrichment of rare variants in
TSC2 gene in patients with MD-EP and severe tinnitus. Tuberous Scle-
rosis Complex 2 (also known as TSC2 or Tuberin) is a known tumor
suppressor protein part of the tuberous sclerosis complex (TSC) along
with TSC1. This complex is involved in the negative regulation of
mTORCT activity. Loss of tuberin function causes constitutive activa-
tion of the mTORC1 signaling pathway leading to tuberous sclerosis

tumors [46]. The regulation of the Mtorc1 pathway via the TSC com-
plex has been found to be a key part in some age-associated diseases,
including age-related hearing loss. Finally, we found highly signifi-
cant co-expression of ANK2 and TSC2 across the mouse brain, poten-
tially suggesting they are expressed in similar neuronal subtypes.
Mouse brain co-expression of ANK2 and TSC2 was particularly strong
in limbic brain regions (i.e. the hypothalamus, epithalamus, striatum,
pallidum and hippocampus), that form a complex circuit distributed
across the brain. In addition, strong expression was found across cor-
tex particularly in cortical layers generally associated with cortical
projections (i.e. layers 2/3, 5 and 6).

6. Limitations

Our study has several limitations. The EP strategy is not a repre-
sentative of complete phenotypic variance observed in MD. Secondly,
most of our MD patients were females and future genetic studies
should consider gender differences in tinnitus. The third limitation of
the study is that other neural pathways not related to synapses may
be implicated in tinnitus. Our EP approach will be extended to inves-
tigate these pathways in future studies. Finally, indel analysis is
highly dependent on the callers and annotation tools and most of the
indels in our dataset were not found in either the gnomAD or the
CSVS databases.

Our study reveals a burden of rare variants in SG, including ANK2,
AKAP9 and TSC2 in patients with severe tinnitus and predicts the
involvement of ANK2 in the cytoskeleton re-organization in the axo-
nal initial segment. We thus propose that axonal branching is a likely
mechanism to enhance connectivity in auditory and non-auditory
brain regions ultimately leading to severe tinnitus.
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