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Phenotype—genotype correlation
in patients with typical and atypical
branchio-oto-renal syndrome
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Some patients have an atypical form of branchio-oto-renal (BOR) syndrome, which does not satisfy
the diagnostic criteria, despite carrying a pathogenic variant (P variant) or a likely pathogenic variant
(LP variant) of a causative gene. P/LP variants phenotypic indices have yet to be determined in
patients with typical and atypical BOR syndrome. We hypothesized that determining phenotypic
and genetic differences between patients with typical and atypical BOR syndrome could inform such
indices. Subjects were selected from among patients who underwent genetic testing to identify the
cause of hearing loss. Patients were considered atypical when they had two major BOR diagnostic
criteria, or two major criteria and one minor criterion; 22 typical and 16 atypical patients from 35
families were included. Genetic analysis of EYA1, SIX1, and SIX5 was conducted by direct sequencing
and multiplex ligation-dependent probe amplification. EYA1 P/LP variants were detected in 25% and
86% of atypical and typical patients, respectively. Four EYA1 P/LP variants were novel. Branchial
anomaly, inner ear anomaly, and mixed hearing loss were correlated with P/LP variants. Development
of refined diagnostic criteria and phenotypic indices for atypical BOR syndrome will assist in effective
detection of patients with P/LP variants among those with suspected BOR syndrome.

Branchio-oto-renal (BOR) syndrome is an autosomal dominant disorder characterized by branchial anoma-
lies (branchial cleft or sinus, preauricular pits, or auricular deformity), hearing loss, and renal anomalies. The
prevalence of BOR syndrome in European populations is estimated at one case per 40,000, and the syndrome
is responsible for 2% of profound deafness in children'. BOR syndrome has a high penetrance, with variable
expressivity?, and the known causative genes are EYAI (8q13.3), SIXI (14q23.1), and SIX5 (19q13.32)*. The
mutation detection rate in patients with BOR syndrome is 40-75% for EYA1%°, 2% for SIX1”%, and 0-3.1% for
SIX5*78. EYAI comprises 16 coding exons and encodes a 559 amino acid protein®, which is expressed between
the fourth and sixth weeks of human development, and is involved in the formation of the kidney and first and
second branchial arches>!?. SIXI interacts with EYA and participates in the development of the eye, inner ear,
and kidney'!, while SIX5 protein binds to EYA1 protein and activates gene transcription®.

Hearing loss is the most common symptom of BOR syndrome, with 64-100% of patients having some
degree of hearing loss®”*1>13, Mixed hearing loss is the most common type of hearing loss in patients with BOR
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Figure 1. The pedigree of families with typical BOR syndrome and with P/LP variants. Arrows, probands;
asterisks, patients with P/LP variants; crossbars, patients who underwent genetic analysis.

syndrome (40-52%), followed by sensorineural (25-30%) and conductive (19-33%) hearing loss>*'>'4, and imag-
ing studies can detect anomalies of the inner ear (18-92%) and/or middle ear (15-100%)”"°. Cochlear hypoplasia
is the most common inner ear anomaly (33-100%), followed by enlarged vestibular aqueduct (EVA) (24-50%)
and internal auditory canal anomalies (17-86%)>'¢'7. Other than hearing loss, preauricular pits (53-83%), renal
anomalies (38-70%), branchial anomalies (49-73%), and auricular deformities (32-36%) are included among
the major diagnostic criteria for BOR syndrome*®”%1213_ Of these, renal anomalies are a substantial cause of
morbidity during the lifespan of patients with the condition'®.

According to the diagnostic criteria defined by Chang et al. and Smith (original diagnostic criteria)®®, patients
are diagnosed with typical BOR syndrome when they meet three major criteria (hearing loss, preauricular pits,
branchial anomalies, renal anomalies, or auricular deformities), two major criteria with two minor criteria (inner
ear anomalies, middle ear anomalies, external auditory canal anomalies, preauricular tags, facial asymmetry,
or palatal anomalies), or one major criterion with an affected first-degree relative meeting the above criteria for
typical BOR syndrome. There are some reports of patients with atypical BOR syndrome, which does not satisfy
the clinical criteria for typical BOR syndrome, despite carrying EYA or SIXI mutations'>!>*. In this report, we
refer to patients with typical or atypical BOR syndrome as typical or atypical patients, respectively.

The identification of a pathogenic variant (P variant) or a likely pathogenic variant (LP variants) in a causative
gene is important for accurate genetic counseling. Further, genetic screening limited to typical patients alone will
miss P/LP variants in atypical patients; however, conducting genetic analyses for all atypical patients is unlikely
to be cost-effective. We hypothesized that determining phenotypic and genetic differences between typical and
atypical patients may identify some indices related to P/LP variants. For this purpose, we analyzed the phenotypic
and genetic features of patients with typical and atypical BOR syndrome.

)6,8

Results

Overview of genetic analysis. Patients were diagnosed with typical BOR syndrome when they met the
original diagnostic criteria®®. In addition to typical patients, we diagnosed patients with atypical BOR when they
had two major criteria, or two major criteria and one minor criterion. No families contained both typical and
atypical patients. Genetic analysis was conducted for 22 typical patients from 14 families, 16 atypical patients
from 12 families, and 18 asymptomatic family members (crossbars in Figs. 1 and 2, and Supplementary Figs. S1
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Figure 2. The pedigree of families with atypical BOR syndrome and with P/LP variants. For the meaning of the
symbols, see the legend of Fig. 1.

FM with typical FM with atypical Other clinical

Family no. Patient no. Sex BOR BOR HL BA PP RA AD findings Nucleotide change® Protein change® Pathogenicity Variant inheritance | Reference

1 13 F - - + + - + + NT €1050+3G>T (Splice site variant) | Likely pathogenic | De novo This study
V-1 M + - + + + - - NT rsa ! ;

2 o . 5 - " - - V. Sa13 3(EVALexont018)x 16 | UTKIOWD Likely pathogenic S Unzaki et al.

3 11 F + - + + + - - IEA", MEA C1141-1G>A (Splice site variant) | Pathogenic U Sanggaard etal.”
V-2 M + - + + + - - NT 1

4 c.1766dup p.Glus90Glyfs*42 Likely pathogenic Matsunaga et al.*
-2 M + - + - - NT U
-2 F + - + + + - - IEA* 1

5 €.1054_1055insG p-Pro3s2Argfs*26 Pathogenic “This study
16 F + + + - - NT U
12 F + - + - + - + FA, MEA, [EA" 1

6 -2 M + - + - + EEA rsa 8q133(EYAlexon2-3)x1 | Unknown Likely Pathogenic | 1 Unzaki et al”
12 F - - I - NT U

7 11 F - - + + + - - PT, IEA" rsa8q13.3(EYAlexon2-12)x 1 | Unknown Pathogenic U Unzaki etal”
-1 P + - + + + - - . ] 1

8 — - - - - - - o sq133(BYALexon10-18)x1 Unknown Likely pathogenic - Unzaki et al.

9 -3 M - - + + - - + MEA None detected None detected - -

10 11 F - - + - + + - EEA, IEA", MEA None detected None detected - - -

11 11 F - - + - + + - IEA* None detected None detected - -

12 -2 F + - + + + + - IEA*, MEA <979T>G p-Trp327Gly Likely pathogenic | U ‘This study
112 F + - + + + + + IEA*, MEA 1

13 -1 M + + + - + IEA", MEA €.1487_1488delTG Pp.Val496Glufs*35 Pathogenic 1 ‘This study
13 F + + + - - NT v

14 101 M - - + + - - - IEA', MEA c1319G>A p.Arg440Gln Likely pathogenic De novo Kumar et al.”

Table 1. Phenotypes and variants in patients with typical BOR syndrome. F female, M male, FM family
member, HL hearing loss, BA branchial anomalies, PP preauricular pits, RA renal anomaly, AD auricular
deformity, EEA external ear anomaly, FA facial asymmetry, IEA inner ear anomaly, MEA middle ear anomaly,
NT not tested, PT preauricular tag, I inherited, U unknown. *Includes enlarged vestibular aqueduct. "Includes
cochlear hypoplasia. *Reference sequences for nucleotide numbering and protein numbering are NM_000503.5
and NP_000494.2, respectively. ¥The results of MLPA are presented using the International System for Human
Cytogenomic Nomenclature (2016)%.

and S2). GJB2 and mitochondrial m.1555A>G and m.3243A>G variants, which are most frequently associated
with hearing loss in Japanese populations?*!, were not detected. EYA1 P/LP variants were identified in 23/38
(61%) typical and atypical patients (Tables 1 and 2, asterisks in Figs. 1 and 2). P/LP variants consisted of two
missense variants (15%), two splice site variants (15%), three frameshift deletions (23%), and six large deletions
(46%) (Tables 1 and 2, Supplementary Fig. S3). Two novel P variants (c.1054_1055insG, and c.1487_1488delTG)
and two novel LP variants (c.1050+3G>T, ¢.979T>G) were detected. No SIXI or SIX5 P/LP variants were iden-
tified. Among three sporadic cases with LP variants (Families 1, 7, and 14), parent samples were available for
two (Families 1 and 14), in which LP variants were determined to be de novo. The large deletions detected by
multiplex ligation-dependent probe amplification (MLPA)'? were classified into 3 types of copy number variants
(CNVs); rsa 8q13.3(EYAlexonl0-18) x 1 (c.(743_966+9)_(*76_%)del), rsa 8q13.3(EYAlexon2-3) x 1 (c.(?_-6)_
(61_187)del), and rsa 8q13.3(EYAlexon2-12) x 1 (c.(?_-6)_(1114_1199 + 34)del). All the variants were curated
and described in Supplementary Table S1.

Differences in phenotypes with the same variant. The same copy number variant, rsa
8q13.3(EYAlexon2-3) x 1 was detected in patients with the typical (Family 6) and atypical (Family 19 and 22)
BOR syndrome. Furthermore, phenotypes were different even within the family. Other families with ¢.1766dup
(Family 4) and ¢.1487_1488delTG (Family 13) also showed differences in phenotypes within the family.
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EM with typical EM with atypical Other clinical
Family no Patient no Sex BOR BOR HL BA PP RA AD findings Nucleotide change® Protein change® ici iant inheri Reference
15 12 F - + - + - - IEA" None detected None detected
11 F - + + - + - - - None detected None detected
8 112 M + - + - - - None detected None detected
17 11 M - + - + - - NT None detected None detected
18 111 F - + - + - - - None detected None detected
-3 F + + - + - - A s 1 .
19 X Unknown Likely pathogenic Unzaki et al?
s F N _ N _ _ NT 8q13.3(EYAlexon2-3) x 1 U
20 11 M - + - - - + MEA None detected None detected
21 111 F - + - - + - - None detected None detected
-3 M + + - + - - IEA* s 1 .
2 — " ; o= 8q13.3(EYALeson2-3)x1 | UkIown Likely pathogenic m Unzaki et al.
2 11 M - + - - + - IEA None detected None detected
2 -1 F - + - + - - NT None detected None detected
2 11 M - + - + - - NT None detected None detected
11 F + + - + - - NT None detected None detected
* 112 F + - + - - NT None detected None detected

Table 2. Phenotypes and variants in patients with atypical BOR syndrome. F female, M male, FM family
member, HL hearing loss, BA branchial anomalies, PP preauricular pits, RA renal anomaly, AD auricular
deformity, EEA external ear anomaly, FA facial asymmetry, IEA inner ear anomaly, MEA middle ear anomaly,
NT not tested, PT preauricular tag, I inherited, U unknown. *Includes enlarged vestibular aqueduct. fIncludes
cochlear hypoplasia. *Reference sequences for nucleotide numbering and protein numbering are NM_000503.5
and NP_000494.2, respectively.

Difference in the rate of P/LP variants detection between typical and atypical patients. There
was a higher P/LP variants detection rate in typical patients (86%), who met the diagnostic criteria for BOR
syndrome, than in atypical patients (33%), who did not fully meet the diagnostic criteria (p=0.0001) (Fig. 3a).
Truncating or non-truncating P/LP variants were not associated with typical or atypical BOR syndrome. Reflect-
ing the high prevalence of P/LP variants in typical patients, the detection rate of P/LP variants was signifi-
cantly higher in families with typical BOR syndrome (79%) than in those with atypical BOR syndrome (17%)
(p=0.0016) (Fig. 3b). The number of families with non-truncating P/LP variants was less than that with truncat-
ing variants, accounting for 15% of all families with P/LP variants.

Differences in phenotypes between patients with typical and atypical BOR syndrome. As the
subjects in the present study were selected from patients who underwent genetic testing to identify the cause
of hearing loss, all patients had hearing loss (Fig. 4a). Among major diagnostic criteria (Fig. 4a, written in bold
letters), branchial anomalies were significantly more common in typical (72%) than atypical (6%) patients (p
= 0.0001). Preauricular pits were frequently identified in both typical and atypical patients, with no significant
difference between the groups (p = 0.6984). In addition, there were no significant differences in the prevalence
of renal and auricular anomalies between typical and atypical patients (p = 0.4262 and 0.2029, respectively).

Temporal bone anomalies, which are among the minor diagnostic criteria, were evaluated by temporal bone
CT imaging in 14 typical and nine atypical patients. Middle ear anomalies were more prevalent in typical (64%)
than in atypical (11%) patients (p=0.0273) (Fig. 4a). The prevalence of inner ear anomalies was the third most
prevalent symptom in both typical and atypical patients, and there was no significant difference between the
groups (p=0.1816). Overall, the only significant phenotypic differences between patients with typical and atypical
BOR syndrome were branchial and middle ear anomalies.

Differences in phenotypes between patients with and without P/LP variants. To identify char-
acteristic phenotypes in patients with P/LP variants, we compared the prevalence of each symptom in patients
with and without P/LP variants (Fig. 4b). Among major criteria, brachial anomalies were more prevalent in
patients with P/LP variants (70%) than in those without P/LP variants (6.7%) (p=0.0002). The prevalence rates
of renal and auricular anomalies were not high (17% and 22%, respectively), even among patients with P/LP
variants. Among minor criteria, inner ear anomalies were more prevalent in patients with P/LP variants (85%)
than in those without P/LP variants (40%) (p =0.0393); however, there was no significant difference in the preva-
lence of the middle ear anomalies between patients with (54%) and without P/LP variants (30%) (p=0.3673).

There was a higher detection rate of P/LP variants in patients with branchial anomalies (94%) than in those
without such anomalies (33%) (p=0.0002) (Fig. 5a). Whether the anomaly was bilateral or unilateral was not
related to the type of P/LP variants (i.e., truncating or non-truncating) (Fig. 5b).

Mixed hearing loss in at least one ear was observed in 57% of patients, and bilateral sensorineural hearing loss
(SNHL) was observed in 30% of patients. Other types of hearing loss observed were sensorineural and conductive
in each ear (4%), bilateral conductive hearing loss (4%), and conductive hearing loss and normal hearing in each
ear (4%) (Fig. 5¢). P/LP variants were significantly more common in patients with mixed hearing loss (100%)
than in those without mixed hearing loss (30%) (p =0.0005). The severity of hearing loss was neither associated
with PV/LPV nor with the type of P/LP variants (Supplementary Fig. $4).
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Figure 3. Numbers of patients/families with P/LP variants. (a) Patients with typical and atypical BOR
syndrome. (b) Families with typical and atypical BOR syndrome. **Significant difference at p <0.01 (Fisher’s
exact test). ND, P/LP variants were not detected.

P/LP variants were more frequently detected in patients with inner ear anomalies (85%) than in those without
such anomalies (25%) (p=0.0393) (Fig. 5d). By contrast, detection rates of P/LP variants did not differ signifi-
cantly between patients with (7/10, 70%) and without middle ear anomalies (6/13, 46%) (p =0.4015). Among
inner ear anomalies, cochlear hypoplasia and EVA had the highest and second-highest prevalence rates (61%
and 26%, respectively) in patients with typical or atypical BOR syndrome, and detection rates of P/LP variants
were also high in patients with cochlear hypoplasia (78%) and EVA (84%) (Fig. 5e and Supplementary Table S2).
Other inner ear anomalies accompanying P/LP variants were enlarged vestibule, dysplastic semicircular canal,
and wide internal meatus; however, wide internal meatus may be just a normal variant of the internal meatus,
as previously reported*>*.

Several atypical patients with phenotypes related to P/LP variants had EYAI P/LP variants. Family 19-1I1-3
and Family 22-1III-3 had mixed hearing loss, cochlear hypoplasia, and EVA, and carried EYAI LP variants (Sup-
plementary Fig. S5), despite being atypical. Another atypical patient (Family 22-II-4) with branchial anomaly
also had LP variant.

Prevalence of phenotypes in all patients and detection rates of P/LP variants in each pheno-
type. Inner ear anomaly, mixed hearing loss, and branchial anomaly had the third-, fourth-, and fifth-highest
prevalence in all patients (65%, 57%, and 45%, respectively) following hearing loss (100%) and preauricular pit
(79%) (Supplementary Fig. S6a). Moreover, the three phenotypes occupied the top three with a high detection
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Figure 4. Prevalence rates of phenotypes in patients. (a) Patients with typical or atypical BOR syndrome. (b)
Patients with or without P/LP variants of EYAI. Significant difference at **p <0.01 and *p <0.05, respectively
(Fisher’s exact test).

rate of having P/LP variants (100%, 94%, and 73% for mixed hearing loss, branchial anomaly, and inner ear
anomaly, respectively) except for preauricular tag and facial asymmetry, in which detection rates of variants in
the two phenotypes were 100% (Supplementary Fig. S6b). However, there was only one patient each with each
of the two phenotypes.

Discussion
The phenotypic and genotypic characteristics of BOR syndrome, including those of atypical patients, have not
been examined in detail. In the present study, we detected EYAI P/LP variants in 25% of patients with atypical
BOR syndrome and in 86% of typical patients. Our results suggest that refining the diagnostic criteria for atypi-
cal BOR syndrome may assist in effective detection of patients with P/LP variants, even for atypical patients.
More P/LP variants were detected in atypical patients in this study than in past reports. For example, Orten
et al. reported mutation detection rates of 31% and 7% in patients with typical and questionable BOR syndrome,
respectively, using Sanger sequencing, among which all questionable patients had at least one of the major
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Figure 5. Relationship of P/LP variants with phenotypes. (a) Association of branchial anomaly with P/LP
variants. (b) Relationship between P/LP variants and unilateral or bilateral branchial anomaly. (¢) Association of
hearing loss types with P/LP variants. (d) Association of inner ear anomalies with P/LP variants. (e) Association
of ear anomalies with P/LP variants. Significant difference at **p <0.01 and *p <0.05, respectively (Fisher’s exact
test).

diagnostic criteria’®. Krug et al. detected mutations in 76% and 9% of typical and atypical patients, who had at
least two BOR syndrome features, respectively, by direct sequencing and MLPA'2. The difference in the detection
rate in typical patients can be explained by the use of MLPA, which can detect copy number variants that cannot
be identified by the sequencing technologies used in the present study. Accordingly, 46% of EYAI P/LP variants
were detected by MLPA in the present study.

The type of P/LP variants (i.e., truncating or non-truncating) was not associated with the phenotypic expres-
sion of BOR syndrome (i.e., typical or atypical), nor was it associated with phenotype severity, consistent with
past reports”'>'°. The prevalence of renal anomalies in patients with P/LP variants was 17% in the present study,
while the two previous studies reported rates of 53% and 70%”'2. By contrast, the prevalence of different P/LP
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variants types did not differ significantly among the three studies. These findings reinforce the notion that there
are no phenotype-genotype correlations in patients with BOR syndrome.

Another finding is that the typical (Family 6) and atypical (Family 19 and Family 22) BOR syndrome
patients carried the same copy number variant rsa 8q13.3 (EYAlexon2-3) x 1. Start codons of most of the tran-
scriptional isoforms of EYA1 are mapped on exon 2 or exon 3 except NM_001288575.2 (encoding isoform 5
(NP_001275504.1)) with its start codon at exon 6. The isoform 5 is N-terminal 117 amino acid residues shorter
in its N-terminal region than that of NM_000503.5 (isoform 1C (NP_000494.2)). Neither functional property of
isoform 5, nor whether the isoform is expressed in developing neck, ears or kidneys is known. The spectrum of
BOR phenotypes in the patients with 8q13.3(EYAlexon2-3) x 1 could be explained, at least in part, by differential
expression levels of intact EYAI from the other intact allele affected via non-coding variants in the promoter
or enhancer, 5’ or 3'-untranslated, or intronic regions that influence gene expression, differential protein levels
of isoform 5 or other hypothetical EYA1 protein isoforms from the CNV allele, or difference in activity of the
EYALI coactivators such as SIX1 protein. These possibilities are very speculative and would need extensive genetic
analysis including non-coding regions. Another possibility of phenotypic variability observed even within a
family might be due to maternal factors that modify phenotypes during embryonic and fetal development'2.

Notably two de novo LP variants (c.1050 + 3G>T in Family 1-III-3 and ¢.1319G>A in Family 14-11I-1) were
detected. Previous studies also reported de novo mutations of EYA1”'% These findings indicate that BOR syn-
drome should be considered in patients without a family history.

Our data demonstrate that branchial anomaly, inner ear anomaly, and mixed hearing loss are potential
indicators of P/LP variants. As EYA1 has roles in morphogenesis of the inner and middle ear structures'?, it is
logical to infer that P/LP variants in this gene will result in inner ear anomaly and mixed hearing loss, compris-
ing simultaneous SNHL and conductive hearing loss; however, the prevalence of middle ear anomalies causing
conductive hearing loss did not differ significantly between patients with and without P/LP variants. This may
be due to the presence of subtle middle ear anomalies that cause conductive hearing loss but cannot be detected
by CT imaging.

Branchial anomaly, inner ear anomaly, and mixed hearing loss were related to the high detection rate of P/LP
variants in all patients, including both typical and atypical cases. Therefore, to detect patients with P/LP variants
efficiently, even in patients with suspected BOR syndrome, the diagnostic criteria for suspected BOR syndrome,
such as the criteria for atypical BOR syndrome that we defined, should first be made. In addition, it would be
advisable to add the explanatory note that recommends genetic testing for patients with the three phenotypes
listed above. One issue with the spectrum disorders like BOR syndrome is that some phenotypes can often be
missed due to poor clinical evaluation. In particular, it is not easy to obtain a complete family history, but in BOR
syndrome, the family history is critical for diagnosing typical cases. Therefore, typical patients might have been
clinically misdiagnosed as atypical. Even in our patients, such cases cannot be completely excluded. By setting
diagnostic criteria and the explanatory note for suspected BOR syndrome, genetic tests will be performed on
clinically misdiagnosed patients, and in the end, more patients will be diagnosed correctly.

In summary, we report the detection rate of EYAI P/LP variants in patients with typical and atypical BOR
syndrome. Further, we demonstrate that branchial anomaly, inner ear anomaly, and mixed hearing loss may be
good indices of P/LP variants in patients with BOR syndrome or suspected BOR syndrome.

Methods

Subjects. Subjects were probands with typical or atypical BOR syndrome with hearing loss with the
onset < 10 years old, and their family members. All probands underwent careful examinations of comorbidity
in the department of pediatrics or nephrology in addition to otology. Other subjects also underwent physical
and otologic examination as much as possible. All probands and/or their parents were interviewed to determine
family history. This study was approved by the institutional ethics review board at the National Hospital Organi-
zation Tokyo Medical Center and the respective ethical committees of collaborating hospitals. Written informed
consent was obtained from all subjects included in the study, or from their parents. All methods were performed
in accordance with the Guidelines for Genetic Tests and Diagnosis in Medical Practice of the Japanese Associa-
tion of Medical Sciences and the Declaration of Helsinki.

Clinical evaluations. General medical reports were reviewed, and family histories were obtained by
extended personal interviews of family members. Audiological examinations included pure tone audiometry,
conditional orientation reflex audiometry, play audiometry, auditory brainstem responses, and auditory steady-
state evoked responses. The severity and type of hearing loss were categorized based on recommendations by the
GENDEAF study group®’. Severity was based on the better hearing ear, and averaged over 0.5, 1, 2, and 4 kHz.
Wave V response thresholds were used for evaluation of auditory brainstem response. Severity was categorized
as follows: mild, 20-40 dB HL; moderate, 41-70 dB HL; severe, 71-95 dB HL; profound,>95 dB HL. Types
of hearing loss were defined as follows: (1) conductive, normal bone-conduction thresholds (<20 dB), and an
air-bone gap >15 dB HL averaged over 0.5, 1, and 2 kHz; (2) sensorineural, an air-bone gap <15 dB HL aver-
aged over the three frequencies; and (3) mixed, bone-conduction threshold >20 dB HL, together with air-bone
gap > 15 dB HL, averaged over the three frequencies*!. Temporal bone anomalies were assessed by temporal bone
CT, when possible.

Genetic analysis. Genomic DNA was extracted from peripheral blood samples using a DNA extraction
kit Genomix (Biologica, Aichi, Japan)’. P/LP variants screening for GJ/B2 and the mitochondrial DNA variants,
m.1555A>G and m.3243A>G, were conducted for all subjects, as previously described®. For EYAI P/LP vari-
ants screening, the coding region (exons 2-16) was analyzed by Sanger sequencing using primers described in
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Supplementary Table S3. For subjects where no P/LP variants of EYAI was identified, P/LP variants screening of
exons 1 and 2 of SIXI and exons 1-3 of SIX5 was conducted by Sanger sequencing. For two patients (Family 10,
23), genomic DNA was subjected to targeted resequencing of 154 deafness genes using Nextseq 500 (Illumina,
CA, USA), and the resulting data were analyzed as previously described®. The pathogenicity of each genetic
variant was evaluated according to the guidelines by ClinGen Hearing Loss Clinical Domain Working Group?.
For subjects where no P/LP variants of EYA1 were identified by direct sequencing, MLPA was conducted to iden-
tify copy number variants of EYA1, using the SALSA MLPA KIT (P153; MRC-Holland, Amsterdam, the Neth-
erlands). Results are presented using the International System for Human Cytogenomic Nomenclature (2016)%.
Genetic analyses conducted for each subject are detailed in Supplementary Table S4.

Statistics. Fisher’s exact test was used to evaluate contingency analyses. A p-value<0.05 was considered
significant. All statistical analyses were performed using Prism (GraphPad Software, Inc., CA, USA).

Data availability

Variant data is deposited to MGeND (Medical Genomics Japan Variant Database (https://mgend.med.kyoto-u.
ac.jp/), applied for registration on November 10, 2021). The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding authors.

Received: 26 July 2021; Accepted: 29 December 2021
Published online: 19 January 2022

References
1. Fraser, E. C,, Sproule, ]. R. & Halal, E. Frequency of the branchio-oto-renal (BOR) syndrome in children with profound hearing
loss. Am. J. Med. Genet. 7, 341-349 (1980).
2. Chen, A. et al. Phenotypic manifestations of branchio-oto-renal syndrome. Am. J. Med. Genet. 58, 365-370 (1995).
3. Ruf, R. G. et al. SIX1 mutations cause branchio-oto-renal syndrome by disruption of EYA1-SIX1-DNA complexes. Proc. Natl.
Acad. Sci. USA 101, 8090-8095 (2004).
4. Hoskins, B. E. et al. Transcription factor SIX5 is mutated in patients with branchio-oto-renal syndrome. Am. J. Hum. Genet. 80,
800-804 (2007).
5. Abdelhak, S. et al. Clustering of mutations responsible for branchio-oto-renal (BOR) syndrome in the eyes absent homologous
region (eyaHR) of EYA1. Hum. Mol. Genet. 6, 2247-2255 (1997).
6. Chang, E. H. et al. Branchio-oto-renal syndrome: The mutation spectrum in EYA1 and its phenotypic consequences. Hum. Mutat.
23, 582-589 (2004).
7. Unzaki, A. et al. Clinically diverse phenotypes and genotypes of patients with branchio-oto-renal syndrome. J. Hum. Genet. 63,
647-656 (2018).
. Smith, J. R. Branchiootorenal spectrum disorder. GeneReviews (2018).
9. Morisada, N., Nozu, K. & Iijima, K. Branchio-oto-renal syndrome: Comprehensive review based on nationwide surveillance in
Japan. Pediatr. Int. 56, 309-314 (2014).
10. Kalatzis, V., Sahly, I, El-Amraoui, A. & Petit, C. Eyal expression in the developing ear and kidney: Towards the understanding of
the pathogenesis of Branchio-Oto-Renal (BOR) syndrome. Dev. Dyn. 213, 486-499 (1998).
11. Li, X. et al. Eya protein phosphatase activity regulates Six1-Dach-Eya transcriptional effects in mammalian organogenesis. Nature
426, 247-254 (2003).
12. Krug, P. et al. Mutation screening of the EYA1, SIX1, and SIX5 genes in a large cohort of patients harboring branchio-oto-renal
syndrome calls into question the pathogenic role of SIX5 mutations. Hum. Mutat. 32, 183-190 (2011).
13. Smith, R. ]. & Schwartz, C. Branchio-oto-renal syndrome. J. Commun. Disord. 31, 411-420 (1998) (Quiz 421).
14. Lindau, T. A., Cardoso, A. C., Rossi, N. E. & Giacheti, C. M. Anatomical changes and audiological profile in branchio-oto-renal
syndrome: A literature review. Int. Arch. Otorhinolaryngol. 18, 68-76 (2014).
15. Ideura, M. et al. Comprehensive analysis of syndromic hearing loss patients in Japan. Sci. Rep. 9, 11976 (2019).
16. Propst, E. J., Blaser, S., Gordon, K. A., Harrison, R. V. & Papsin, B. C. Temporal bone findings on computed tomography imaging
in branchio-oto-renal syndrome. Laryngoscope 115, 1855-1862 (2005).
17. Kemperman, M. H. ef al. Inner ear anomalies are frequent but nonobligatory features of the branchio-oto-renal syndrome. Arch.
Otolaryngol. Head Neck Surg. 128, 1033-1038 (2002).
18. Hsu, A., Desai, N. & Paldino, M. J. The unwound cochlea: A Specific imaging marker of branchio-oto-renal syndrome. AJNR Am.
J. Neuroradiol. 39, 2345-2349 (2018).
19. Orten, D. ]. et al. Branchio-oto-renal syndrome (BOR): Novel mutations in the EYA1 gene, and a review of the mutational genetics
of BOR. Hum. Mutat. 29, 537-544 (2008).
20. Tsukada, K., Nishio, S., Usami, S., Deafness Gene Study. A large cohort study of GJB2 mutations in Japanese hearing loss patients.
Clin. Genet. 78, 464-470 (2010).
21. Usami, S. et al. Prevalence of mitochondrial gene mutations among hearing impaired patients. J. Med. Genet. 37, 38-40 (2000).
22. Visvanathan, V. & Morrissey, M. S. Anatomical variations of the temporal bone on high-resolution computed tomography imaging:
how common are they?. J. Laryngol. Otol. 129, 634-637 (2015).
23. Sennaroglu, L. & Saatci, I. A new classification for cochleovestibular malformations. Laryngoscope 112, 2230-2241 (2002).
24. Mazzoli, G. et al. Recommendations for the description of genetic and audiological data for families with nonsyndromic hereditary
hearing impairment. Hereditary Hearing Loss Homepage (2015).
25. Yamamoto, N. et al. Prevalence of TECTA mutation in patients with mid-frequency sensorineural hearing loss. Orphanet. J. Rare
Dis. 12, 157 (2017).
26. Mutai, H. et al. Variants encoding a restricted carboxy-terminal domain of SLC12A2 cause hereditary hearing loss in humans.
PLoS Genet. 16, €1008643 (2020).
27. Oza, A. M. et al. Expert specification of the ACMG/AMP variant interpretation guidelines for genetic hearing loss. Hum. Mutat.
39, 1593-1613 (2018).
28. McGowan-Jordan, J., Simons, A. & Schmid, M. ISCN 2016: An International System for Human Cytogenomic Nomenclature (2016)
(Karger, 2016).
29. Sanggaard, K. M. et al. Branchio-oto-renal syndrome: detection of EYA1 and SIX1 mutations in five out of six Danish families by
combining linkage, MLPA and sequencing analyses. Eur. J. Hum. Genet. 15, 1121-1131 (2007).
30. Matsunaga, T., Okada, M., Usami, S. & Okuyama, T. Phenotypic consequences in a Japanese family having branchio-oto-renal
syndrome with a novel frameshift mutation in the gene EYA1. Acta Otolaryngol. 127, 98-104 (2007).

fosd

Scientific Reports |

(2022) 12:969 | https://doi.org/10.1038/s41598-022-04885-w nature portfolio


https://mgend.med.kyoto-u.ac.jp/
https://mgend.med.kyoto-u.ac.jp/

www.nature.com/scientificreports/

31. Kumar, S., Deffenbacher, K., Cremers, C. W., Van Camp, G. & Kimberling, W. J. Branchio-oto-renal syndrome: Identification of
novel mutations, molecular characterization, mutation distribution, and prospects for genetic testing. Genet. Test 1, 243-251 (1997).

Acknowledgements
This work was supported by a Grant-in-Aid for Clinical Research from the National Hospital Organization of
Japan [H30-NHO(kankakuki)-01].

Author contributions

M.M.,, AK,, HM,, N.K,, and T.M. analyzed the data and wrote the manuscript. K.N, H.M., and T.M. conducted
the genetic analysis. N. Morisada, K.I., N. Morimoto, A.N., T.S., Y.O., S.M,, S.K,, K.O., and T.M. collected the
clinical data and samples.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-04885-w.

Correspondence and requests for materials should be addressed to T.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:969 | https://doi.org/10.1038/s41598-022-04885-w nature portfolio


https://doi.org/10.1038/s41598-022-04885-w
https://doi.org/10.1038/s41598-022-04885-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Phenotype–genotype correlation in patients with typical and atypical branchio-oto-renal syndrome
	Results
	Overview of genetic analysis. 
	Differences in phenotypes with the same variant. 
	Difference in the rate of PLP variants detection between typical and atypical patients. 
	Differences in phenotypes between patients with typical and atypical BOR syndrome. 
	Differences in phenotypes between patients with and without PLP variants. 
	Prevalence of phenotypes in all patients and detection rates of PLP variants in each phenotype. 

	Discussion
	Methods
	Subjects. 
	Clinical evaluations. 
	Genetic analysis. 
	Statistics. 

	References
	Acknowledgements


