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Objectives. Branchio-oto syndrome (BOS) primarily manifests as hearing loss, preauricular pits, and branchial defects. EYA1
is the most common pathogenic gene, and splicing mutations account for a substantial proportion of cases. However,
few studies have addressed the structural changes in the protein caused by splicing mutations and potential pathogenic
factors, and several studies have shown that middle-ear surgery has limited effectiveness in improving hearing in these
patients. BOS has also been relatively infrequently reported in the Chinese population. This study explored the ge-
netic etiology in the family of a proband with BOS and provided clinical treatment to improve the patient’s hearing.

Methods. We collected detailed clinical features and peripheral blood samples from the patients and unaffected individuals
within the family. Pathogenic mutations were identified by whole-exome sequencing and cosegregation analysis and
classified according to the American College of Medical Genetics and Genomics guidelines. Alternative splicing was
verified through a minigene assay. The predicted three-dimensional protein structure and biochemical experiments
were used to investigate the pathogenicity of the mutation. The proband underwent middle-ear surgery and was fol-
lowed up at 1 month and 6 months postoperatively to monitor auditory improvement.

Results. A novel heterozygous EYA1 splicing variant (c.1050+4 A>C) was identified and classified as pathogenic (PVS1(RNA),
PM2, PP1). Skipping of exon 11 of the EYA1 pre-mRNA was confirmed using a minigene assay. This mutation may
impair EYA1-SIX1 interactions, as shown by an immunoprecipitation assay. The EYA1-Mut protein exhibited cellular
mislocalization and decreased protein expression in cytological experiments. Middle-ear surgery significantly improved
hearing loss caused by bone-conduction abnormalities in the proband.

Conclusion. We reported a novel splicing variant of EYA7 in a Chinese family with BOS and revealed the potential molec-
ular pathogenic mechanism. The significant hearing improvement observed in the proband after middle-ear surgery
provides a reference for auditory rehabilitation in similar patients.
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INTRODUCTION

Branchio-oto syndrome (BOS; MIM 602588) is an autosomal
dominant disorder mainly characterized by hearing loss (HL),
preauricular pits, and branchial fistulas. Patients with these symp-
toms and additional renal anomalies are diagnosed with bran-
chio-oto-renal syndrome (BORS; MIM 113650) [1]. Collectively,
these two diseases are referred to as branchio-oto-renal spectrum
disorders due to a genetic overlap and shared similar morpho-
logic characteristics [2]. Otological anomalies are the most fre-
quent lesions in BOS/BORS, including malformations of the pre-
auricular fistula, external ear (microtia, external ear canal anom-
aly), middle ear (ossicular chain anomaly) and inner ear (cochlear
hypoplasia) structures, which could eventually lead to conduc-
tive, sensorineural or mixed-type HL, usually bilateral [3]. The
prevalence of BOS/BORS is 1/40,000; it mainly occurs in Euro-
pean populations and has been reported less often in Asian pop-
ulations [4,5].

Several causative genes have been identified in BOS/BORS,
including EYA1, SIX1, and SIX5, accounting for approximately
40%, 4%, and 5% of the affected population, respectively [6].
The most common disease-causing gene, EYA1, encodes the
transcriptional cofactor protein EYA1, which is highly conserved
across species, is located on chromosome 8q13.3, and consists
of 18 exons. The EYA1 protein can be translocated to the nucle-
us by interacting with the SIX1 protein, and this translocation
plays an essential role in regulating the development of cranial
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= We identified a novel splicing mutation of EYA1 in three gen-
erations of a Chinese family with branchio-oto syndrome and
reported its resultant aberrant splicing pattern.

= The novel EYA1 mutation ¢.1050+4 A>C may impair the
EYA1-SIX1 protein interaction due to aberrant RNA splicing,
resulting in mislocalization and poor expression of the EYA1
protein.

= Middle-ear surgery for hearing rehabilitation achieved signifi-
cant improvement in hearing in the proband with branchio-
oto syndrome.

sensory neurogenesis and craniofacial morphogenesis in mam-
mals [7-9]. Genetically defective Eyal mice exhibit otological
phenotypes and HL similar to those of BOS/BORS. In total, 252
EYA1I-related mutations have been reported, of which 189 are
associated with BOS/BORS (http://www.hgmd.cf.ac.uk/, last
updated January 2023). According to our previous systematic
review, the EYA1 gene has a variety of pathogenic mutation types,
among which frameshift and splicing mutations predominate,
followed by nonsense mutations, missense mutations, deletions,
and complex rearrangements [10]. Although hundreds of vari-
ants have been found in patients with pathogenic variants of the
EYA1 gene, no hotspot mutations have been identified. Follow-
ing the study by Song et al. [11], the alteration of crucial protein
domains and potential causative factors resulting from EYA1
splicing mutations have received less attention.

The clinical diagnosis of BOS/BORS was defined by Chang et
al. [12], and this diagnostic pathway has been widely accepted
as a way to help physicians distinguish BOS/BORS patients from
those with other syndromic deafness disorders. An accurate di-
agnosis is based on meeting at least three major criteria (HL, pre-
auricular pits, branchial anomalies, and renal anomalies), two
major criteria and at least two minor criteria (external, middle,
and inner ear anomalies; preauricular tags; facial asymmetry),
or one major criterion with a first-degree relative who has the
disease. BOS/BORS is a highly heterogeneous disorder clinically,
as inconsistent clinical phenotypes (e.g., with or without renal
abnormalities) have been observed among patients carrying the
same mutation within a family, as well as significant differences
in the phenotype or severity of HL [3,13]. Mixed HL is the most
common type, accounting for 50% of patients, followed by con-
ductive HL in 30% and sensorineural HL in 20%, unlike other
types of syndromic-related HL, such as Waardenburg syndrome
or Stickler syndrome [14,15]. Considering the structural anoma-
lies of the middle ear that are common in BOS/BORS, auditory
rehabilitation surgery may effectively improve hearing function
[16]. However, several studies have reported unsatisfactory post-
operative hearing outcomes [11,16,17].

Here, we collected data from three generations of a Chinese
BOS family, performed middle-ear tympanoplasty on Patient
II-1, and followed up on hearing improvement at 1 month and
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6 months after surgery. Using whole-exome sequencing (WES),
a novel EYA1 splicing mutation, ¢.1050+4 A>C, was identified
in the patients (I-1, II-2, III-1, III-3) but not in unaffected indi-
viduals in the family. A minigene assay was used to identify ab-
errant pre-mRNA splicing caused by ¢.1050+4 A>C, resulting in
the skipping of exon 11 of EYAI. Furthermore, we found that
the mutant EYA1 protein presented decreased protein stability
and abnormal cellular sublocalization, which may result in the
impairment of normal protein function and the occurrence of
BOS.

MATERIALS AND METHODS

Ethics statement
This study was approved by the Medical Ethics Committee of
Xiangya Hospital Central South University (No. 202106096),
which was conducted after obtaining written informed consent
from each subject or the parents of patients who were younger
than 18 years old.

Research subjects and clinical examination

We analyzed the patients from three generations of an autosomal
dominant inheritance family (Fig. 1A). The patients within the
family were clinically diagnosed with BOS according to the cri-
teria proposed by Chang et al. [12]. The auditory function exam-
ination was performed by a competent physician and involved
pure tone audiometry (PTA; Madsen Orbiter-922) and acoustic
conduction (GSI-33). Renal function was assessed by blood tests,
and urinary system structural anomalies were assessed by uro-
logical ultrasound. In addition, a physical examination of the ex-
ternal ear and craniofacial and branchial regions was performed
to diagnose any abnormalities, such as microtia, fistula, craniofa-
cial deformities and other clinical manifestations.

Surgical treatment

Otic endoscope-assisted tympanoplasty surgery was carried out
under general anesthesia in the proband. An intra-auricular inci-
sion was made during the operation, the “U”-shaped flap of the
external auditory canal was separated from the fibrous tympanic
ring, and the tympanic membrane was lifted to expose the struc-
ture of the tympanum. The integrity and functional status of the
middle-ear structures, such as the ossicular chain, were carefully
examined, and the incus was removed. A partial ossicular re-
placement prosthesis (PORP) artificial auditory bone (KURZ
1002226) was placed above the stapes to reconstruct the ossicu-
lar chain and achieve type II tympanoplasty.

Whole-exome sequencing

The detailed methods for the WES and bioinformatics approach-
es have been described previously [18]. WES was performed on
the two patients (III-1, II-2) and a normal family member (III-3)

on the Illumina paired-end 150 bp platform ([llumina) using
SureSelect (V6 Kit, Agilent) to enrich the target DNA fragment
(150 bp paired-end mode and 100x coverage) and capture all
coding exons and flanking region sequences. The raw sequenced
read qualities were assessed and filtered to acquire effectively
sequenced data. The effectively sequenced reads were aligned to
the human reference genome GRCh37/hg19 (UCSC version) by
Burrows-Wheeler Aligner software (v0.7.8-r455) [19]. The aligned
variants were ranked and called via SAMtools [20]. ANNOVAR
software (v2017June8) was used to further annotate the called
single-nucleotide variants (SNVs) and insertions and deletions
(InDels) [21]. DNA from participating family members was ex-
tracted from peripheral blood lymphocytes with standard ex-
traction procedures.

Sanger sequencing

Sanger sequencing was used to verify candidate variants to de-
termine whether they were cosegregated in family members with
HL. Primer pairs amplifying products within 1,000 bp were de-
signed with the Primer3Plus online program (https://primer3plus.
com/). The genomic DNA samples of each member together with
the primer pairs were used to amplify the genomic regions of
interest, and the polymerase chain reaction (PCR) products
were further purified by agarose gel electrophoresis. The puri-
fied products were sequenced on an ABI 3730XL DNA analyzer
(Thermo Fisher Scientific). Sequencing data were analyzed using
SnapGene software (v6.0.2).

Three-dimensional protein structure

The three-dimensional (3D) structure of the EYA1 and SIX1 en-
tire protein were predicted using AlphaFold v2.0.The EYA1-SIX1
protein docking structural models were further simulated using
AlphaFold Multimer software with default settings [22]. The op-
timal model for the protein—protein binding site was visualized
and analyzed with PyMOL software (v2.1). Protein-protein in-
terface area were calculated using PDBePISA (www.ebi.ac.uk/
pdbe/pisa).

Western blotting and nucleoplasm separation experiment

The cell protein was extracted from the residue using RIPA lysis
buffer containing protease inhibitor cocktail (K1007, APE XBIO)
and phosphatase inhibitor cocktail 1/2 (K1015, APEXBIO), and
the samples were lysed at 4 °C for 30 minutes. The concentration
of extracted protein was measured by a bicinchoninic acid assay
kit (20201ES76,YEASEN), and the protein lysate was denatured
by boiling with sodium dodecyl sulphate (SDS) loading buffer
for 15 minutes. The cytoplasmic protein was harvested with CEA
lysis buffer (10 M/L HEPES, 10 M/L KCl) containing protease
inhibitor cocktail and phosphatase inhibitor cocktail 1/2 and
lysed at 4 °C for 15 minutes. The nuclear protein was extracted
from the above residue using CEB lysis buffer (CEA lysis buffer
+1% SDS). The precipitated proteins (20 ug) were resolved on
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Fig. 1. Pedigree, Sanger sequencing, and clinical characteristics. (A) Pedigree of a branchio-oto syndrome (BOS) family with an autosomal
dominant inheritance pattern. Square, male; circle, female. The black arrow indicates the proband, and the different quarter-filled symbols rep-
resent different phenotypes. (B) Sanger sequencing of the novel mutation EYA7 ¢.1050+4 A>C in the available family subjects. The black dot-
ted boxes indicate the novel mutation. (C) Clinical features of hearing loss and preauricular and branchial anomalies of four BOS patients. The
red circle marks the location of the preauricular and branchial fistulas. The red arrow indicates the right earlobe agenesis of patient II-2. PTA,
pure tone audiometry.
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an 8% SDS-polyacrylamide gel and then transferred onto poly-
vinylidene fluoride (PVDF) membranes, which were further
blocked with 10% skim milk powder at room temperature for
1 hour and incubated with primary antibody at 4 °C overnight.
Primary antibodies for Western blotting were as follows: antibody
against Flag (Abmart Cat# M20008), antibody against B-actin
(Sigma Cat# A5441), antibody against GAPDH (Proteintech
Cat# 60004-1-Ig) as a marker for cytoplasmic fraction, antibody
against H3 (Proteintech Cat# 17168-1-AP) as a marker for nu-
clear fraction, antibody against SIX1 (Proteintech Cat# 10709-
1-AP), B-tubulin (Abmart Cat# M20005). The band images were
digitally captured and quantified by enhanced chemilumines-
cence (ChemiDoc MP Imaging System, Bio-Rad) after incuba-
tion with horseradish peroxidase-conjugated anti-mouse or anti-
rabbit secondary antibodies.

Minigene assay

We obtained wild-type and mutant EYAT gene fragments using
the genomic DNA of the patients and normal family members.
A pair of primers was designed for an overlapping extension by
nested PCR to amplify the target fragments. The PCR products
and the pcMINI vector (Bioeagle Biotech Company) were di-
gested with the restriction enzymes Kpn I and EcoR I and then
ligated into the same restriction sites to generate the recombi-
nant plasmids pcMINI-EYA1-WT/Mut. HeLa cells (CRL-3216,
ATCC) and 293T cells (CCL-2, ATCC) were transiently trans-
fected with the pcMINI-EYA1-WT/Mut plasmids using NeoFect
DNA transfection reagent (NeoFect Biotech Company) accord-
ing to the manufacturer’s instructions and cultured in Dulbecco’s
modified eagle medium (DMEM)/high glucose containing 10%
fetal bovine serum (FBS) at 37 °C with 5% CO,. RNA was ex-
tracted by the two-step method and reverse-transcribed into
complementary DNA (cDNA) using the RevertAid First Strand
cDNA Synthesis Kit (K1621, Fermenta Biotech Company). The
cDNA products were amplified by PCR using the common prim-
ers pcDNA3.1-F at the 5" end and pcDNA3.1-R at the 3" end
and analyzed by 1.5% agarose gel electrophoresis.

Plasmid construction and immunofluorescence

The EYA1 cDNA full-length fragment and the fragment missing
exon 11 were obtained by gene synthesis. The PCR products and
the pLVX-flag vector were digested with the restriction enzymes
Not I and EcoR I and ligated into the same restriction sites to
generate the recombinant overexpression plasmids pLVX-flag-
EYA1-WT/Mut. The plasmid pcDNA3.1-SIX1 was purchased
from Youbio Biotech Company. Next, 293T cells were transient-
ly transfected with the pLVX-flag-EYA1-WT/Mut plasmids and
cultured in DMEM/high glucose containing 10% FBS at 37 °C
with 5% CO.. Transfected 293T cells were seeded on 24-mm
coverslips in a 6-well plate at 37 °C overnight. Cells were fixed
with 4% paraformaldehyde for 30 minutes, permeabilized with
1% Triton X-100 for 20 minutes, blocked using 5% bovine se-

rum albumin for 30 minutes at room temperature, and further
incubated with a primary antibody against Flag (Abmart Cat#
M20008, RRID: AB_2713960) at 4 °C overnight. On day 2, the
cells were incubated with secondary antibodies for 1 hour at
room temperature, followed by incubation with DAPI to visual-
ize the cell nucleus.

Immunoprecipitation

We cotransfected the plasmids pLVX-Flag-vector and pLVX-Flag-
EYA1-WT/Mut with pcDNA3.1-SIX1 into 293T cells. The trans-
fected 293T cells were lysed in immunoprecipitation (IP) lysis
buffer (P70100, NCM Biotech) containing protease inhibitor
and phosphatase inhibitor cocktail 1/2, and the supernatant was
collected after centrifugation for IP. After the detection of protein
concentration, a portion of the protein was taken out for input,
and the remaining 6,000 pg protein was used for IP. Cell lysates
were incubated with anti-FLAG M2 magnetic beads (M8823,
Sigma-Aldrich) at 4 °C overnight. The beads were equilibrated
with Tris-buffered saline (TBS; 50 mM Tris HCL, 150 mM NaCl,
pH 7.4) in advance. Then, the beads were captured using a mag-
netic stand and washed with TBS three times. Subsequently,
50 pL of 100 ng/pL. of 1X FLAG peptide (F3290, Sigma-Aldrich)
solution was added to the magnetic beads and incubated for
30 minutes at room temperature on an orbital shaker to acquire
the precipitated proteins.

Cycloheximide treatment

Next, 293T cells were transiently transfected with the pLVX-
flag-EYA1-WT/Mut plasmids and cultured in DMEM/high glu-
cose containing 10% FBS at 37 °C with 5% CO.. Cycloheximide
(C7698, Sigma-Aldrich) at a final concentration of 50 pg/mL
was added to the medium to stop protein synthesis at the indi-
cated time before Western blotting analysis.

RESULTS

Clinical characteristics

We collected a BOS pedigree containing four patients in three
consecutive generations (Fig. 1A) and performed a detailed clin-
ical examination and genetic analysis according to the criteria
proposed by Chang et al. [12]. The clinical characteristics are
shown inTable 1. Proband III-1 and patient III-2 were 15-year-old
twin brothers with similar physical characteristics, presenting
with bilateral mild to moderate conductive HL. and preauricular
pits. Patients I-1 and II-2 both presented with bilateral moderate
to profound mixed HL and preauricular pits, while patient II-2
presented with right earlobe agenesis (Fig. 1C). Branchial fistu-
las occurred bilaterally in patients I-1 and III-1 and unilaterally
in patients II-2 and III-2. All patients lacked renal anomalies
based on examinations of urinary system function and urologi-
cal ultrasonography. Facial asymmetry was observed in patients



Table 1. Clinical characteristics of the BOS patients in this study
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Age Preauricular Branchial

Renal

Patient ~ Sex 1) HL type Bite fistulae  anomalies Other BOS symptom Nucleotide change

1 M 60 +, Mixed HL, b + b +,b - Facial asymmetry EYA1C.1050+4 A>C
12 F 37 +, Mixed HL, b +, b +,un - Facial asymmetry, external ear anomaly (R) EYA1C.1050+4 A>C
[ M 15 +, Conductive HL, b + b + b - Ossicular chain malformation EYA1C.1050+4 A>C
2 M 15 +, Conductive HL, b +, b +,un - Ossicular chain malformation EYA1C.1050+4 A>C

The symbol “+” indicates a positive symptom; the symbol “~" indicates the
BOS, branchio-oto syndrome; HL, hearing loss; b, bilateral; un, unilateral.

II-1 and II-2, but not in patients III-1 and III-2. We further eval-
uated the structure of the middle and inner ear in patients III-1
and III-2 using high-resolution computed tomography (HRCT)
of the temporal bone, and both patients showed malformations
of the ossicular chain (data not shown), which were consistent
with their auditory test results. All affected members within the
family exhibited some degree of clinical heterogeneity in HL and
branchial fistulas, as well as other symptoms such as external
and middle-ear anomalies.

Clinical treatment

We performed surgery on the affected right ear of the proband
(Fig. 2A) and observed that the incus was malformed and that
the long process of the incus was shortened, forming a loosened
pseudo-junction with the stapes head involving only soft tissue,
which affected the conduction efficiency of the ossicular chain
(Fig. 2B and C). Therefore, we performed type II tympanoplasty
using a PORP artificial ossicle after removal of the deformed in-
cus. The hearing of Patient III-1 significantly improved after sur-
gery, and the follow-up PTA data showed a reduction in the air-
bone gap (Fig. 2D and E).

Genetic analysis

To further explore the causative genes, we performed WES on
the affected members (I-1 and III-1) and an unaffected person
(II-3) within the family. After essential quality control and as-
sessment of the sequenced data, the variants that were predicted
to be harmful or affect alternative splicing according to predic-
tion software such as combined annotation dependent depletion
(CADD) and dbscSNV were retained [23,24]. In general, a cov-
erage depth of the targeted region of at least 20-fold was consid-
ered to indicate reliability, and the mean sequencing depth was
100-fold. Then, we investigated all known causative genes
(EYA1, SIX1, SIX5) associated with BOS and identified a novel
candidate variant, ¢.1050+4 A>C, in the EYA1 gene (Fig. 1B).
Detailed information on the novel variant, including population
data and in silico data, can be found in Supplementary Table 1.
The evaluation of the variant evidence was categorized separate-
ly according to the American College of Medical Genetics and
Genomics guidelines (PM2, PP1) and the Clinical Genome Re-
source (ClinGen) Sequence Variant Interpretation (SVI) Working
Group recommendations (PVS1(RNA)) [25,26]. The novel splicing

absence of a clinical symptom.
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Fig. 2. The surgical treatment and postoperative effect of the pro-
band. (A) The visual field of the middle ear operation cavity of the
proband. The position marked by "a" represents the long process of
the incus, and "b" represents the stapes head. The red arrow indi-
cates the loosened pseudo-junction at the incudostapedial joint po-
sition. (B, C) The dysplastic incus is shown in B, and a schematic
diagram of its participation in the formation of abnormal ossicular
chains is shown in C. (D, E) Audiograms of the proband at 1 month
and 6 months after middle-ear surgery.

variant was classified as pathogenic.

Sanger sequencing was performed to verify that the patients
carried the candidate variant and the unaffected individuals did
not for the cosegregation test (Fig. 1B). The EYAT ¢.1050+4 A>C
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variant in the proband was confirmed to be derived from the af-
fected grandfather. EYAT ¢.1050+4 A>C is a novel splicing vari-
ant located in the splicing donor site of exon 11 and has not been
recorded in public databases, including gnomAD and ClinVar.
Although the variant at position +4 is not located at a canonical
splice site, such as the -1, -2, +1, and +2 residues around the
exon—intron junction, the predicted splicing effect of ¢.1050+4
A>C, generated by SpliceAl, suggests that causes donor loss of
exon 11 and aberrant splicing of the EYA1 transcript [46,47]. As
the most common causative gene in 40% of patients with BOS
and BORS, many variation types have been identified in EYAZ,
among which frameshift and splicing mutations predominate
[10,17]. We have summarized the 48 pathogenic variants of the
EYAT1 gene in the splice region (Fig. 3A), including the canonical
and noncanonical splice sites, from The Human Gene Mutation
Database (HGMD, public site version) and Deafness Variation
Database (DVD), as well as this study (Table 2). Pathogenic ca-
nonical and noncanonical splice sites of the EYAI gene account
for 73% (35/48) and 27% (13/48) of the variants in the splice
region, respectively, and are mainly located in the ED of EYA1.
A conservation analysis of the amino acid sequence of exon 11
was performed between humans and other vertebrate animal
species and showed that the fragment is highly conserved across
species (Fig. 3B). The reference transcript and protein sequences
of EYA1 in this study were NM_000503.6 and NP_000494.2, re-
spectively.

Minigene and 3D protein modelling assays
Although EYAT c.1050+4A>C is a noncanonical splicing vari-
ant, given the deleterious inferences from several pathogenicity

prediction software programs, we decided to verify the potential
aberrant splicing by a minigene assay, which simulates the in vivo
splicing process [48]. The two successfully constructed pcMINI-
EYA1-WT/Mut plasmids were transfected into HeLa and 293T
cells separately for 48-72 hours (Fig. 4A). The total RNA was
then extracted from the transfected cells and reverse-transcribed
into cDNA. The target region, exon 11 of EYA1, was amplified
by PCR, and the product band was analyzed by agarose gel
electrophoresis. Two bands of the mutant type and one band of
the wild type were observed by agarose gel electrophoresis and
named bands A and B, respectively (Fig. 4B). Band A was the
same size in the mutant type and the wild type, but the mutant
exhibited a lower band B, indicating a partial deletion of the tar-
get region. In addition, band B was much brighter than band A
in the mutant. We performed a greyscale analysis of each band
using ImageJ software to calculate the number of each transcript
from the wild type and mutant. The results showed that the ex-
pression of band A in the mutant was reduced by approximately
60% versus the wild type (Fig. 4B). The Sanger sequencing re-
sults also confirmed that only an aberrant pre-mRNA product
was found in the mutant. Compared with the reference transcript,
after sequencing and aligning bands A and B, it was found that
band A retained the complete sequence, while band B lacked the
entire exon 11 sequence, which had a length of 84 bp (Fig. 4C
and D).

Given the findings of the aberrant splicing model, we resolved
the crystal structure of the EYA1 protein (referred to as called
EYA1-WT) by AlphaFold v2.0 software, and we attempted to
analyze where exon 11 was found in the protein space confor
mation of EYA1 and possible functional impairment of the mu-

e 0.1050+4A>C ¢.1471_1474dupGGGA
¢.640-15_698deIGAGC-AACC C105041G T e 0.1697dupA
€.640-15G>A €.1050+1G>C 475G oG C.1695_1698delCTTT
¢.639+2delA c1048 1050+1delCCCT S 172300 c.1698+1G>A
c6391MG>C  cog70ASG |C114041G>T @ clogetia>l
CHIBLIG>C  cB39GC  967-1G>A | S 11381 delinvGaag] o 15081654
§ C. +1adelinv C. -
°'418?>A °‘63?A>T C.967A>T c.1138G+>T c.11i)9+1G>C c. 15%8-2(\>G
| 1"? el l—l.—..—l—-T i Exon18 o
c.5572A>G c.826G>T Y Ic.1141-1G>A ¢.1597G>A
c.965A>G C-1051-12T>G ¢ 1360+4A>G C-1597+2T>G
c966+1G>C C-10512A>G ¢ 1360+5G>A
c.966+5G>A C.10511G>C
€.966_966+14delTGGC-TACC  ¢-1051G>T
e 0 IO e o [ S e |
Human PP 394
Rhesus monkey PPP PP 453
Mouse PP 393
Dog PP 423
Cattle PP 420
Xenopus PP 407
Zebrafish PP 416

Exon11

Fig. 3. Mutational spectrum of the EYA1 splicing region associated with Branchio-oto syndrome/branchio-oto-renal syndrome and conservation
analysis. (A) The 18 exons of EYAT are arranged in an oval shape, starting with exon 1. The orange oval represents the divergent transactivat-
ed domain at the N-terminus, and the blue oval represents the highly conserved EYA domain (ED) at the C-terminus. There are 48 pathogenic
variants in the splicing region, mainly in the ED. The novel mutation in this study is marked in red. (B) The amino acid sequence encoded by
exon 11 of the EYAT gene is a highly conserved region among different species.
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(C) Exon10

CAGATTCTGATCTTGAGAGAGTGTT
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Fig. 4. Aberrant pre-mRNA splicing was identified by minigene assay. (A) The Sanger sequencing results showed that both wild-type (WT) and
mutant (Mut) minigene plasmids were successfully constructed. (B) The upper band a corresponds to the normal pre-mRNA, and the lower
band b corresponds to the aberrant pre-mRNA. The quantitative analysis of the bands (right). (C) The sequencing result of band b with exon
11 skipping. (D) The schematic diagram presents the target region of the above sequencing and indicates that the ¢.1050+4 A>C splicing
mutation could lead to the skipping of the entire exon 11 of EYAT pre-mRNA. F, Forward; R, Reverse.

tated protein (EYA1-Mut) by exon 11 skipping. The protein struc-
ture covering the sequence from residues Ser-319 to Leu-592 was
characterized by a high level of confidence and consisted mainly
of the highly conserved ED region (Arg323-Leu592), as shown
in Fig. 5A and B. The protein structure encoded by exon 11 is
marked in green (Fig. 5A). The crystal structure of the EYA1-Mut
protein not only lacked the secondary structures of alpha helix
1 (v), alpha helix 2 (¢2) and beta-sheet 1 (B1), which are en-
coded by exon 11, but also exhibited damage to the structure of
the beta-sheet 2 (B2) and beta-sheet 4 (B4) motif compared with
EYA1-WT (Fig. 5B). Protein—protein docking not only facilitates
the analysis of the EYA1-SIX1 interface, but also assists in eluci-
dating the potential damage to EYA1-SIX1 protein interactions
caused by the deletion of the exon 11 section of the EYA1 pro-
tein. The interface area of EYA1-WT with SIX1 protein was
932.5 A%, while that of EYA1-Mut was reduced to 844.4 A2,
With the absence of exon 11, the residues Glu322, Asn494, and
Lys548, as well as the 2 motif, which were originally located at
the EYA1-SIX1 protein interface, do not participate in the for-
mation of the contact interface (Fig. 5C and D).

Immunofluorescence and protein expression

As established in the genetic diagnosis, we determined at the ge-
nome level that the splicing variant EYAT ¢.1050+4 A>G leads
to exon 11 skipping of EYAT mRNA at the transcriptome level,
which in turn could potentially affect EYA1 protein expression
and function. We further constructed pLVX-Flag-EYA1-WT/Mut

plasmids to investigate the subcellular distribution of EYA1-WT/
Mut proteins in 293T cells. The immunofluorescence results showed
that the overexpressed intact EYA1 protein was dispersed in both
the cytoplasm and nucleus, while the defective EYA1 protein was
distributed only in the cytoplasm (Fig. 6B). The results of the nu-
cleoplasm separation experiment confirmed this finding. The
protein expression of EYA1-WT and EYA1-Mut was assessed in
293T cells transfected with the overexpressed wild-type and
mutant plasmids. The results suggested that the EYA1-Mut pro-
tein was reduced compared to the wild type (Fig. 6A).

Nucleoplasm separation analysis

Nuclear cytoplasmic separation was performed on 293T cells
cotransfected with the plasmids pLVX-Flag-EYA1-WT/Mut and
pcDNA3.1-SIX1, and the results showed that the EYA1 mutant
protein had no detectable expression in the nucleus (Fig. 6C).
By interacting with the wild-type SIX1 protein derived from co-
transfection with the pcDNA3.1-SIX1 plasmid, the wild-type
EYA1 protein could be aggregated in the nucleus, whereas this
was not possible for the defective EYA1 protein.

Immunoprecipitation analysis

An IP assay was performed to investigate the functional defects
of the defective EYA1 protein. We explored the EYA1-SIX1 in-
teractions in EYA1-WT and EYA1-Mut in 293T cells by cotrans-
fection with the plasmids pLVX-Flag-EYA1-WT/Mut and pcDNA3.1-
SIX1. The protein loading amount of the input group was the
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EYA1-Mut

Fig. 5. Crystal structure prediction. (A, B) The EYA domain (ED) structure of EYA1-WT and EYA-Mut. The front (left) and internal (right) views of
the overall protein structure. The exon 11 section is marked in green. (C, D) Prediction of protein—protein docking between EYA1-SIX1, with the
interface area marked in red. The enlarged images in the dotted box show the amino acid residues and structure that were originally located
at the protein-protein interface and later changed. o, alpha helix; B, beta sheet.

same; however, in order to quantitatively detect the binding amount
of SIX1 in the IP group, Flag-EYA1 protein levels in EYA1-WT
and EYA1-Mut were aligned to detect differences in the EYA1-
SIX1 interactions. The EYA1-Mut protein did not pull down the
SIX1 protein (Fig. 6D).

The EYA1-Mut protein is less stable than EYA1-WT

To assess the stability of the EYA1-WT and EVA1-Mut proteins,
we treated transfected 293T cells with cycloheximide (50 pug/mL)
at specific times. Western blotting was then performed to detect
the protein levels of EYA1-WT/Mut after cycloheximide treat-
ment. As expected, the stability of the EYA1-Mut protein was
considerably reduced. Additionally, the experiment also showed
that the half-life of the EYA1-Mut protein was shorter than that
of EYA1-WT (Fig. 6E).

DISCUSSION

In this study, we characterized the clinical phenotypes and per-
formed a genetic analysis in a Chinese family with BOS. Clinical
treatment of auditory reconstruction was performed for the pro-
band, and his hearing significantly improved. The novel splicing
variant EYA1 ¢.1050+4 A>C was identified, which causes aber-
rant splicing and leads to the abnormal distribution and attenua-
tion of the EYAT mutant protein, further supplementing the mu-
tational spectrum of BOS/BORS-related genes. We systematically
explored the pathogenicity and molecular mechanisms of EYA1
¢.1050+4 A>C.

The regional distribution of BOS/BORS patients is mainly
concentrated in developed countries such as Denmark, Canada,
Korea, Japan, and the USA, and it has been rarely reported in
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Fig. 6. Abnormal function of the EYA1 mutant protein. (A) Decreased expression of the EYA1 mutant protein. The error bars indicate standard
deviation. *P<0.05, calculated using the t-test in Prismr9. (B) Cellular sublocalization of EYA1 wild-type and defective proteins. (C) Nucleo-
plasm separation further verified that the defective EYA1 protein failed to enter the nucleus. (D) Lysates from 293T cells transiently overex-
pressing the vector and EYA1-WT/MUT with Flag were subjected to immunoprecipitation assays. (E) The decay kinetics of the EYA1-WT and
EYA1-MUT proteins using cycloheximide (CHX). The experiment was repeated three times, and a representative result is shown. WT, wild-
type; Mut, mutant; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DAPI, 4°,6-diamidino-2-phenylindole.

China [10]. Recent reports of BOS/BORS in the Chinese popu-
lation have gradually increased, which could be attributed to in-
creased clinical attention and the development of high-through-
put sequencing technology. Feng et al. [17] concluded that BOS
is the primary pattern in Chinese patients as opposed to patients
from other Asian countries, as patients with renal anomalies ac-
count for only 13.88%. None of the patients in their study showed
abnormalities in examinations of the urinary system.
BOS/BORS is a group of syndromic deafness disorders that
exhibit wide interfamilial and intrafamilial phenotypic variability
[3,49]. In the present study, patients with BOS within the family
carrying the same causative variant presented both conductive

and mixed HL types. In addition, branchial fistulas were not al-
ways observed bilaterally. As the predominant symptom, HL has
been reported in nearly 98% of affected BOS/BORS patients,
varying from mild to profound, with nearly half of patients ex-
pressing a mixed type, followed by the conductive and sensori-
neural types [11,12,50]. In addition to the primary BOS symp-
toms described above, the other observed minor symptoms, such
as facial asymmetry and earlobe agenesis, were absent in every
patient. The genotype-phenotype correlations of BOS/BORS have
not yet been fully defined. The existence of interfamilial pheno-
typic variability has also been proven. A patient from the United
States with the causative mutation ¢.1050+1 G>T of EYAT ex-
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hibited renal anomalies. However, patients from China with the
same causative mutation did not exhibit such anomalies (Table 2).
Genotypic heterogeneity is also present in BOS/BORS. The dis-
tinct variants ¢.967-2 A>G and ¢.1050+4 A>C of EYA1 caused
similar major symptoms of BOS in all individuals of two unre-
lated families, as well as a similar type and severity of HL.

The EYA1 ¢.1050+4 A>C mutant protein was distributed in
the cytoplasm, and the protein expression level decreased (Fig.
6A-C). As a critical genetic risk factor, the EYAI-encoded pro-
tein is broadly expressed across the embryonic to postnatal stag-
es and is involved in regulating mammalian cranial neural crest
cell differentiation; it consists of a highly conserved ED contain-
ing 271 amino acids at the C-terminus and a divergent N-termi-
nal transactivated domain [51-54]. The ED amino acid sequence
is highly conserved across species via interaction with the SIX
domain (SD) of the SIX1 protein to achieve intranuclear trans-
location of the EYA1 protein and further utilize its transcrip-
tional activity to regulate organogenesis [55,56].

An Eyal-deficient mutant mouse model exhibits multiple mor
phological deformities of the inner, middle, and outer ear resem-
bling BOS/BORS. The middle ear ossicles originate from the cra-
nial neural crest cells located in the first and second branchial
arches [57]. Eyal-mutant mice have abnormal branchial arch
morphology development and ossicle anomalies, such as a de-
formed structure in the incudomalleolar joint [58]. These find-
ings from animal studies may explain why the proband devel-
oped malformations and functional abnormalities of the middle
ear ossicles.

The transient minigene experiment is a common approach for
identifying potential aberrant pre-mRNA splicing caused by mu-
tations in the splicing region in vitro [56]. Approximately 95% of
the pre-mRNA of eukaryotic genes undergoes alternative splicing
events, resulting in highly diverse transcripts and protein prod-
ucts, which play an essential role in multiple hereditary diseases
[59]. Abnormal regulation of alternative splicing of pre-mRNA
may produce transcripts and proteins with different or opposite
functions from the conventional homologous products, thereby
causing diseases. Several in silico prediction methods are current-
ly more and more accurate in predicting the harmfulness of ca-
nonical splicing mutations. However, these methods’ sensitivity
and specificity for noncanonical splicing mutations still require
improvement. A minigene experiment can simulate the effect of
a splicing mutation in vitro. The results of the minigene assay
demonstrated that the A>C point mutation at the +4 position
could lead to the skipping of the entire exon 11 of EYA1 pre-
mRNA, may impair the EYA1-SIX1 protein interaction due to
aberrant RNA splicing, and may be involved in disease occur-
rence.

In the predicted crystal structure model of the EYA1 protein
and protein—protein docking at the EYA-SIX1 interface. The ter-
tiary structure of defective EYA1 proteins was altered, and the
interface area decreased, which may affect the structural stabili-

ty of the protein itself and further reduce the binding level of
EYA1-SIX1 interactions. The protein-protein interface is the re-
gion where two protein chains interact and form an array of po-
lar and nonpolar contact, involving hydrophobic interactions
[60,61]. Interactions between protein molecules rely on surface
complementarity, including the spatial structural complementar-
ity of the shape matching of the contact surfaces, and the com-
plementarity of the physical and chemical properties of the weak
bonds that bring the complex together [62,63]. As the absence
of exon 11 leads to changes in the spatial structure of the mutant
protein, the amino acid residues Glu322, Asn494, and Lys548
that were originally located at the EYA1-SIX1 protein interface
might be exposed on the surface of the molecule, potentially
decreasing the stability of protein-protein interactions. The ami-
no acid residues Glu322 and Lys548 are polar, with negative
and positive charges, respectively, and may contribute to the sta-
bilization of EYA1-SIX1 protein spatial structure as well as bio-
logical functions by electrostatic interactions. In contrast, the
nonpolar amino acid residue Asn494 might be involved in hy-
drophobic interactions at the EYA1-SIX1 protein interface. In-
terestingly, two cases of pathogenic mutations at amino acid res-
idues Glu322 [11] and Lys548 [28] of the EYA1 protein have
been reported, confirming the importance of these amino acid
positions. The highly conserved amino acid residues encoded by
exon 11 of EYA1 are in the ED region, which binds with the SD
region and plays a crucial role in promoting craniofacial devel-
opment as a transactivating partner. The EYA1 ED is highly con-
served within the EYA family and shares >90% sequence simi-
larity with the ED of EYA2, and model comparisons of both do-
mains indicate high similarity (Supplementary Fig. 1). In addition,
there is a high degree of sequence conservation in the interac-
tion regions between SIX and EYA family members from differ-
ent eukaryotes, underlying the importance of these residues for
the normal function of the complex [64]. Ideally, the molecular
details of SIX1-EYA1 interactions could be determined using
the crystal structure of the complex in human in the future. There-
fore, Patrick et al. proposed that the SIX1-EYA2 ED structure
may provide a basis for predicting the molecular mechanisms of
EYA1 and provide a valuable model to guide future functional
studies. In summary, the predicted protein structure model es-
tablished in this study is instructive for exploring the pathogenic-
ity of the EYA1 mutant. The skipping of exon 11 of EYAT leads
to abnormal splicing changes in its pre-mRNA, which in turn may
impair the function of the EYA-SIX1 complex.

To further analyze the potential loss of EYA1-SIX1 interac-
tions, we performed an IP assay to investigate the functional de-
fect of the defective EYA1 protein. The results showed that the
defective EYA1 protein failed to pull down the SIX1 protein,
thus suggesting that the defective EYA1 protein encoded by the
skipping of exon 11 of EYA1 could impair EYA1-SIX1 interac-
tions. EYA1 functions upstream of the SIX1 protein and forms a
complex to enter the nucleus. Therefore, we speculated that the



defective EYA1 protein has difficulty entering the nucleus and
verified this conjecture through immunofluorescence experiments
and nucleoplasm separation experiments. In short, the results of
the IP, nucleoplasm separation, and immunofluorescence experi-
ments confirmed that defective EYA1 functions abnormally and
fails to interact with the SIX1 protein and enter the nucleus. In
addition, the experimental results of CHX treatment showed
that the EYA1-Mut protein not only exhibited poor stability, but
also had a relatively short half-life, suggesting that the EYAT c.
1050+4 A>C variant might cause disease, likely through haplo-
insufficiency, by affecting the interactions between the EYA1
and SIX1 proteins.

The frequency of carrying EYA1 splicing mutations is higher
in BOS/BORS patients. However, the resulting pre-mRNA splic-
ing changes of most mutations have not been further explored.
At present, the minigene assay has been reportedly used to study
aberrant splicing changes in only a few splicing mutations of EYA1
leading to the skipping of exons adjacent to the mutation site,
such as ¢.418 G>A, ¢.966+5 G>A, ¢.1140+1 G>A and ¢.1598-2
A>C [5,11]. According to the DVD and HGMD, as well as this
study, 48 pathogenic variations of EYAT in the splice region have
been identified (Table 2), including 35 canonical and 13 nonca-
nonical splicing variants. Notably, more variants occur at the splic-
ing donor site than at the splicing acceptor site, at a ratio of ap-
proximately 1.5:1, and these variants more significantly affect the
exon splicing regulatory sequence [65,66]. Therefore, we further
observed that in EYA1, splicing variants that occurred at the 5
splicing donor site (34/48, 71%) were more prevalent than those
at the 3" splicing acceptor site (14/48,29%).

Unzaki et al. [3] proposed a genetic diagnosis algorithm in
BOS/BORS patients and suggested focusing first on the genetic
analysis of EYA1, SIX1, and SIX5 due to their high incidence.
With the improvement and lower price of gene sequencing tech-
nology, next-generation sequencing could be an efficient strate-
gy for identifying causative genes for BOS/BORS.

BOS/BORS patients mainly manifest mixed and conductive
HL [10], and there are various treatments to achieve hearing
improvements, such as hearing aids, middle-ear surgery, or co-
chlear implantation. In this study, middle-ear surgery was suc-
cessfully performed in the proband, and postoperative follow-up
demonstrated effective improvement in hearing. During the op-
eration, we observed a malformed incus with a shortened long
process, which would have resulted in only a fibrous band of at-
tachment around the incudostapedial joint, causing difficulties
in effectively performing the function of sound transmission and
cascade amplification.

Previous studies have held the view that middle ear surgery is
somewhat limited in improving hearing in BOS/BORS patients,
and few patients have achieved the ideal effect of auditory reha-
bilitation [67-69]. Song et al. [11] suggested that the occurrence
of this phenomenon may be closely related to the abnormal de-
velopment of the middle ear tympanic cavity, the enlarged ves-

Chen A et al. Genetic Etiology and Hearing of a BOS Family 355

tibular aqueduct (EVA) of the inner ear, or the decrease in the
mobility of the stapes due to the increased perilymphatic pres-
sure in BOS/BORS patients. We carefully reviewed the temporal
bone HRCT of the proband and confirmed that no EVA was
found (Supplementary Fig. 2). Etiologically, the EVA is consid-
ered a pathological third window that prevents adequate energy
delivery in the inner ear, even if the middle ear is properly recon-
structed. In view of the latest research, Nam et al. [70] proposed
that the presence of EVA in patients with BOS/BORS might be
a negative indicator of poor prognosis for middle ear surgery.
Although the currently available studies suggest a correlation
between the presence or absence of EVA and the success rate of
auditory improvement, this inference is limited by the small sam-
ple size of these studies and thus merits further exploration.

In conclusion, we identified a novel splicing variant of EYA1
(c.1050+4 A>C) in four patients in three generations of a Chi-
nese BOS family and helped Patient III-1 achieve successful au-
ditory rehabilitation after middle ear surgery. This study not only
expanded the genetic spectrum of EYA1, but also discovered a
novel aberrant pre-mRNA splicing event, offering us new insights
into the pathogenic mechanism of this mutation. We also col-
lected all the variants that occurred in the splice region of EYA1
associated with BOS/BORS to date. In addition, middle ear sur-
gery was effective for HL in this study, suggesting that surgery
can effectively improve conductive HL in BOS patients without
inner ear anomalies. This finding can serve as a reference for the
treatment of HL in other BOS/BORS patients.
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