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Background: Branchio-oto-renal syndrome (BOR) and branchio-oto syndrome (BOS) are rare autosomal dominant disorders defined by varying combinations of branchial, otic, and renal anomalies. Here, we characterized the clinical features and genetic etiology of BOR/BOS in several Chinese families and then explored the genotypes and phenotypes of BOR/BOS-related genes, as well as the outcomes of auditory rehabilitation in different modalities.
Materials and Methods: Probands and all affected family members underwent detailed clinical examinations. Their DNA was subjected to whole-exome sequencing to explore the underlying molecular etiology of BOR/BOS; candidate variants were validated using Sanger sequencing and interpreted in accordance with the American College of Medical Genetics guidelines. In addition, a literature review concerning EYA1 and SIX1 alterations was performed to explore the genotypes and phenotypes of BOR/BOS-related genes.
Results: Genetic testing identified the novel deletion (c.1425delC, p(Asp476Thrfs*4); NM_000,503.6), a nonsense variant (c.889C > T, p(Arg297*)), and two splicing variants in the EYA1 gene (c.1050+1G > T and c.1140+1G > A); it also identified one novel missense variant in the SIX1 gene (c.316G > A, p(Val106Met); NM_005,982.4). All cases exhibited a degree of phenotypic variability between or within families. Middle ear surgeries for improving bone-conduction component hearing loss had unsuccessful outcomes; cochlear implantation (CI) contributed to hearing gains.
Conclusion: This is the first report of BOR/BOS caused by the SIX1 variant in China. Our findings increase the numbers of known EYA1 and SIX1 variants. They also emphasize the usefulness of genetic testing in the diagnosis and prevention of BOR/BOS while demonstrating that CI for auditory rehabilitation is a feasible option in some BOR/BOS patients.
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INTRODUCTION
Branchio-oto-renal syndrome-1 (BOR1; OMIM#113650), also known as Melnick–Fraser syndrome, is a rare autosomal dominant affected family members disease with an incidence of approximately one in 40,000; it affects 2% of profoundly deaf children (Melnick et al., 1975; Fraser et al., 1980). BOR exhibits a variable spectrum of clinical manifestations that are mainly characterized by the presence of branchial cleft fistulae or cysts, preauricular pits, ear malformations, and hearing loss, along with renal malformations of varying severities (Fraser et al., 1978). In some instances, patients exhibit symptoms similar to those of BOR, with the exception of renal anomalies; they are diagnosed with branchio-oto syndrome-1 (BOS1; OMIM#602588) or branchio-oto syndrome-3 (BOS3; OMIM#608389). The clinical diagnosis of BOR/BOS follows a set of criteria proposed by Chang et al. (2004). Diagnosis of BOR/BOS can be made with at least three major criteria, two major and at least two minor criteria, or one major criterion with at least one first-degree affected family member.
BOR/BOS has marked genetic heterogeneity, and the exact pathogenesis remains unknown in more than half of affected patients. Three genes are currently considered to be associated with this condition: EYA1 (OMIM #601653), SIX1 (OMIM #601205), and SIX5 (OMIM #600963) (Abdelhak et al., 1997; Ruf et al., 2004; Hoskins et al., 2007). Pathogenic variants in the EYA1 gene, the human homolog of the Drosophila “eyes absent” gene, were recognized as a major genetic cause of BOR/BOS; they affect 40% of BOR/BOS patients (Chang et al., 2004). The SIX1 gene, also known as sine oculis homeobox homolog 1, encodes a transcription factor (Six1) that functions as a DNA-binding protein in combination with Eya1, leading to 3.0–4.5% of BOR/BOS cases (Ruf et al., 2004; Wang et al., 2018). The role of the SIX5 gene, the sine oculis homeobox homolog 5, in BOR/BOS is controversial; few variants have been reported (Hoskins et al., 2007; Krug et al., 2011). The EYA1 and SIX1 genes are co-expressed in the developing kidney and ear, beginning during the emergence of basal plates (Xu et al., 1999). Eya1 is epistatic to Six1, and its function is dependent on interaction with Six1. Eya1 does not have direct DNA-binding ability. Instead, it functions as a transcription co-activator and interacts with Six1, thus providing a molecular mechanism for activation of specific target genes that modulate precursor cell proliferation, survival, and differentiation during multiple types of organogenesis (Li et al., 2003; Ruf et al., 2004). In the absence of this interaction, the transcriptional activation of downstream targets required for the development of the branchial, otic, and renal systems is diminished. Functional studies have confirmed that genetically defective EYA1 and SIX1 mice exhibit symptoms similar to BOR/BOS (Xu et al., 1999; Ando et al., 2005).
BOR/BOS is a common form of syndromic hearing loss. Hearing impairment is the most common clinical feature, present in 98.5% of affected individuals; other common features include preauricular pits or tags (83.6%), branchial fistulae or cysts (68.5%), renal anomalies (38.2%), and external auditory canal stenosis (31.5%) (Chang et al., 2004). The forms of hearing loss can be mixed (50%), conductive (30%), or sensorineural (20%), ranging in severity from mild to profound (Abdelhak et al., 1997). Most patients with BOR/BOS present with morphological abnormalities of the middle and inner ear (Chen et al., 1995; Propst et al., 2005), prompting surgeons to explore auditory rehabilitation modalities. Some studies have used middle ear exploratory tympanotomy and ossicular reconstruction to improve mixed and conductive hearing difficulties. However, the postoperative hearing gains have been unsatisfactory (Propst et al., 2005; Song et al., 2013). With the rise of auditory implant technology, cochlear implantation (CI) has provided satisfactory results in some patients with syndromic deafness (e.g., BOR/BOS) (Bajaj et al., 2012).
Here, we screened for EYA1, SIX1, and SIX5 variants in patients with BOR or BOS and then investigated the affected individuals’ clinical manifestations and auditory rehabilitation outcomes. In addition, we analyzed the genotypes and phenotypes of BOR/BOS caused by EYA1 variants through a literature review.
MATERIALS AND METHODS
Patient Recruitment and Clinical Examinations
In this study, five individuals clinically diagnosed with BOR or BOS were recruited at the Affiliated Hospital of Zhengzhou University. They underwent family history inquiries and detailed physical examinations. Audiological assessment comprised pure-tone audiometry to estimate the extent of hearing loss. Objective audiometry was used for pediatric patients, including auditory brainstem response, auditory steady-state response, and distortion product otoacoustic emissions. Radiological work-up comprised temporal bone thin-section computed tomography and/or magnetic resonance imaging to analyze the middle and inner ear morphologies. Serum creatinine, urea, and renal ultrasonography analyses were performed to screen for renal abnormalities. Written informed consent was obtained from all participating individuals or their guardians prior to enrollment in the study. The project was approved by the Affiliated Hospital of Zhengzhou University (reference number: 2018008), and all procedures were performed in compliance with the Declaration of Helsinki.
Genetic Examinations and Sanger Sequencing
Peripheral venous blood of the affected individuals was collected for genetic sequencing if available. The procedures for DNA extraction, fragmentation, library construction, targeted enrichment, and sequencing were identical to the approaches used in previous studies (Pan et al., 2020). After sequencing adaptors and inferior reads had been eliminated from raw data, clean reads were mapped to the human reference genome (version GRCh37) using Burrows-Wheeler Aligner (version 0.7.17-r1188). Duplicate reads were flagged by Sambamba (version 0.6.6) (Tarasov et al., 2015). Single-base variations and small insertions or deletions were investigated with the Genome Analysis Toolkit version four HaplotypeCaller (DePristo et al., 2011). Variant annotation, filtering, and interpretation were performed as described previously (Oza et al., 2018; Pan et al., 2020). To validate candidate variants detected by whole-exome sequencing, polymerase chain reaction amplification and Sanger sequencing were performed. Amplified polymerase chain reaction products were purified by a polymerase chain reaction purification kit (LifeSciences, Hangzhou, China) and then sequenced using the SeqStudio Genetic Analyzer (Applied Biosystems/Life Technologies, Carlsbad, CA, United States). Variant nomenclature was based on EYA1 canonical transcript NM_000,503.6 and SIX1 canonical transcript NM_005,982.4.
Literature Review and Statistical Tests
Studies spanning 1975–2021 were retrieved using NCBI PubMed and the Human Gene Mutation database with “EYA1,” “SIX1,” and “branchio-oto-renal (BOR) syndrome” as the keywords. First, the EYA1 and SIX1 alterations were summarized. Phenotypic analysis was then performed, focusing on EYA1 alterations that occurred in East Asian populations. When appropriate, testing for difference in proportions was carried out using either the chi-square or Fisher’s exact test. All tests were two-sided, and p-values lower than 0.05 were considered significant.
RESULTS
Clinical Characteristics
We identified nine patients from five families with BOR or BOS, using the criteria established by Chang et al. (2004). The genealogies of the enrolled families are illustrated in Figure 1. Detailed phenotypic features are shown in Table 1. Eight patients were diagnosed with BOS; one patient was diagnosed with BOR. Of the eight patients with BOS, five showed the typical triad of BOS (preauricular pits, branchial fistulae, hearing loss); the remaining three had preauricular pits and hearing loss, without branchial fistulae or cysts. Proband 1-II-3 also had auricle deformity accompanied by preauricular tags and external auditory canal stenosis in the left ear; proband 4-II-2 had mild bilateral microtia and left preauricular tags. Renal ultrasonography showed no abnormalities in the kidneys of eight patients with respect to size, architecture, and origination; no other positive findings were noted. Proband 5-II-2, a 3-year-old, was diagnosed with BOR at 2 months old. Medical records showed that the patient had the abovementioned triad and bilateral auricle deformity. Renal ultrasonography showed left-sided renal hypoplasia and hydronephrosis, along with pyelo-ureteral separation. For radiological work-up, seven patients underwent temporal bone computed tomography. All seven patients exhibited various abnormal configurations of the middle and/or inner ear, such as deformed ossicular chain, hypoplastic cochlea, dysplastic semicircular canals, dilated internal auditory canals, or enlarged vestibular aqueduct.
[image: Figure 1]FIGURE 1 | Pedigrees of five families with BOR or BOS. Audiograms (pure-tone audiometry or auditory steady-state response) and medical photographs of patients are shown. P: proband; black arrow: preauricular pits; white arrow: branchial cleft fistulae or scar.
TABLE 1 | Detailed clinical features and genetic analysis of five families.
[image: Table 1]Bioinformatics Analysis Identifies EYA1 and SIX1 Variants
Probands from five families underwent whole-exome sequencing, yielding 17.69, 13.35, 12.42, 11.65, and 9.75 Gbp of raw data. The mapping rate of sequencing reads to the human reference genome was >99%. Mean sequencing depths for the targeted region were approximately 100-fold; more than 95% of the regions were covered by at least 20-fold. We investigated the coverage statistics for genes known to be associated with BOR or BOS: EYA1, SIX1, and SIX5. Regions with poor coverage for whole-exome sequencing (less than 20-fold) were subjected to additional polymerase chain reaction and Sanger sequencing, improving the reliability of sequencing results. After variant calling and annotation had been performed, standalone benign variants were filtered out based on the criteria specified by the Clinical Genome Resource Sequence Variant Interpretation Working Group (Ghosh et al., 2018). Subsequently, we screened in the five probands for variants in the EYA1, SIX1, and SIX5 genes. We identified four candidate variants in the EYA1 gene (c.1050+1G > T; c.1140+1G > A; c.889C > T, p.(Arg297*); c.1425del, p.(Asp476Thrfs*4)) and one candidate variant in the SIX1 gene (c.316G > A, p.(Val106Met)). No SIX5 variants were detected in any of the affected individuals.
To confirm candidate variants and test for co-segregation, we performed Sanger sequencing (Figure 2). The SIX1:c.316G > A and EYA1:c.1140+1G > A variants in the probands were absent from both of their parents, which confirmed that these were de novo variants. The EYA1:c.1050+1G > T and EYA1:c.889C > T variants were confirmed to originate in the affected father and mother, respectively. We could not confirm whether the EYA1:c.1425del variant was from the patient’s affected father because peripheral blood was not available; however, this variant was also identified in the patient’s affected brother. The c.1425del variant of EYA1 and c.316G > A variant of SIX1 were not found in public databases such as gnomAD, ClinVar, and the Human Gene Mutation database, indicating that these comprised novel variants. The novel c.1425del variant in exon 15 of EYA1 changed the arginine at codon 476 to threonine, and the C-to-T transversion at 889 in exon 10 led to the creation of a stop codon. Both were predicted to cause premature truncation of the protein. c.1050+1G > T and c.1140+1G > A variants of EYA1 were located at canonical splice sites. The splicing effects of both variants were further predicted by SpliceAI (Jaganathan et al., 2019) and dbscSNV (Jian et al., 2014). Both variants were expected to cause aberrant splicing with donor loss scores >0.99 (SpliceAI) and ADA and RF scores >0.9 (dbscSNV). Three EYA1 variants (c.1050+1G > T, c.1140+1G > A, c.889C > T) were previously reported in several patients with BOR or BOS from different countries (Rickard et al., 2000; Fukuda et al., 2001; Orten et al., 2008; Song et al., 2013; Unzaki et al., 2018). The c.316G > A variant of SIX1 led to a valine-to-methionine substitution, co-segregating with the phenotype in this Chinese BOS family, and its REVEL score is 0.836. Based on the American College of Medical Genetics sequence variant interpretation guidelines, four variants (c.1050+1G > T, c.1140+1G > A, c.889C > T, and c.1425del) were classified as pathogenic; the remaining variant (c.316G > A) was classified as likely pathogenic. The American College of Medical Genetics evidence for variant interpretation is shown in Table 1.
[image: Figure 2]FIGURE 2 | Sanger sequencing of five unrelated families with BOR or BOS. Normal family members harbored no mutations in EYA1 or SIX1 gene.
Auditory Rehabilitation
All affected individuals had hearing loss of varying magnitudes and presented with various forms (mixed in 15 ears, conductive in two ears, and sensorineural in one ear). In proband 1-II-3, air-bone gap persistence led to exploratory tympanotomy in the left ear before the final diagnosis. Stapedotomy and stapes prosthesis insertion were performed on the ipsilateral side because malformation, malposition, and fixation of the stapes were found. However, the air-bone gap was not narrowed. The soft-banded bone-conduction hearing aids (SOPHNON-1) trial showed over 30 dB of hearing gains. In proband 5-I-1, computed tomography revealed malformed ossicles that were surrounded by granulation tissue in the right ear. The patient was fitted with an ossicular replacement prosthesis after inflammation had subsided. Middle ear surgeries did not yield the expected results, according to self-reporting data. Proband 2-II-1 (age 7) exhibited mixed hearing loss for 3 years, which was aggravated by respiratory infections. The patient was diagnosed with otitis media with effusion; tympanostomy tube insertion and exploratory tympanotomy were performed. Ossiculoplasty was not performed because of the poor surgical outcome; the patient was then fitted for air-conduction hearing aids. Proband 4-II-2 exhibited bilateral profound deafness, which was not improved by hearing aids. Otologists made the decision to undergo CI at 1 year old in conjunction with the patient’s parents. Postoperative follow-up showed that the CI surgery was successful and had provided considerable hearing improvement (Supplementary Figure S1).
Genotype and Phenotype Analysis
To explore the mutational spectrum of BOR/BOS-related genes, we summarized the reported variants of the EYA1 and SIX1 genes shown in Figure 3. Variants in the EYA1 gene were found in various forms; frameshift was the most common type, followed by nonsense, splicing, large deletion, and missense (Figure 4A). In the SIX1 gene, the most commonly reported variant was missense (12/15) (Figure 3). The results exhibited genetic variability. Subsequently, we analyzed the phenotypic characteristics of BOR/BOS patients with the EYA1 variant in East Asian populations (Table 2 and Figure 4B). The results indicated that hearing loss is the most common symptom, with an estimated prevalence of 93.42%, followed by preauricular pits (85.52%), branchial fistulae or cysts (66.45%), and renal anomalies (32.85%). A small number of cases have been reported in China (Table 2); the morbidities were hearing loss (91.67%), preauricular pits (86.11%), branchial fistulae or cysts (63.89%), and renal anomalies (13.88%) (Figure 4B). The incidence of each phenotype in Chinese patients was further compared with those in Japanese and Korean patients. These proportions in hearing loss, preauricular pits, and branchial fistulae were not significantly different from that observed in patients from Japan and Korea (p = 0.904, p = 1.000, p = 0.816). The proportion of renal anomalies was statistically different (p = 0.019), and cases with renal phenotypes in China seem to be scarce, compared with Japan (p = 0.009) and Korea (p = 0.038), indicating that patients may present mainly with BOS in China.
[image: Figure 3]FIGURE 3 | Mutational spectrum of BOR/BOS-related genes (EYA1 and SIX1). E: exon; red: missense; green: nonsense; blue: frameshift; black: splicing site; pentagram: SIX domain of Six1 protein; square: homeodomain of Six1 protein; asterisk: variants in Chinese patients.
[image: Figure 4]FIGURE 4 | (A) Frequencies of variant types in the EYA1 gene. (B) Estimated prevalence of clinical phenotypes among BOR/BOS patients with EYA1 variant.
TABLE 2 | Genotypes and phenotypes of patients with BOR/BOS caused by EYA1 variants in East Asian populations.
[image: Table 2]DISCUSSION
This study described nine affected individuals in five Han Chinese families with BOR or BOS. Of the nine patients, all had hearing loss (9/9) and preauricular pits (9/9), five had branchial fistulae or cysts (5/9), and only one had renal abnormalities (1/9), indicating that BOS is the major form. Genetic analysis confirmed five causative heterozygous variants in these unrelated families: c.1425delC (frameshift), c.889C > T (nonsense), c.1050+1G > T (splicing), and c.1140+1G > A (splicing) of EYA1, as well as c.316 > A (missense) of SIX1. To our knowledge, EYA1:c.1425delC and SIX1:c.316 > A have not been previously reported; c.316G > A is also the first reported SIX1 variant in China. Our findings expand the mutational spectrum of BOR/BOS-related genes and demonstrate genetic and phenotypic variability in Chinese BOR/BOS patients.
EYA1 and SIX1 are key genes for mammalian organogenesis; mutations in these genes result in multiorgan malformation that can affect the branchial, ear, and renal systems. In 1997, Abdelhak and others reported novel variants in the EYA1 gene in several families demonstrating typical manifestations of BOR/BOS (Abdelhak et al., 1997). Since then, more than 200 variants have been identified (Figure 3). The EYA1 gene, located at 8q13.3, is a member of the EYA (EYA1–4) family; it contains 18 exons encoding a dual-function transcription factor. Similar to other EYA family members, Eya1 possesses a divergent N-terminal transactivation domain and a C-terminal EYA dephosphorylation region (eyaHR) encoded by 11–18 exons (Abdelhak et al., 1997; Li et al., 2003). Known variants in EYA1 mainly involve exons 6–18, especially exons 11–18, at least for now (Figure 3). These variants mainly cause premature truncation or aberrant splicing of the protein, resulting in the loss of eyaHR function. Screened EYA1 variants in this study were predicted to interfere with this critical function. The protein Six1 encoded by the SIX1 gene, a co-factor of Eya1, contains two evolutionarily conserved domains: a SIX domain that interacts with its co-factors and a homeodomain with DNA-binding ability (Ruf et al., 2004). Of the defects in the SIX1 gene, Six1 functional alterations led to the failed formation of the Six1–Eya1 complex and the DNA–Six1–Eya1 complex (Ruf et al., 2004). Thus far, 14 SIX1 variants are reportedly associated with BOR/BOS, eight of which are in the SIX domain (Figure 3). We also identified a novel missense variant (c.316G > A) in the SIX1 gene; we speculate that this variant interferes with Six1 binding to Eya1, which has been previously reported for variants in the SIX domain (Ruf et al., 2004; Kochhar et al., 2008). Loss of function of either gene in a mouse model led to hearing loss and dysmorphic or missing kidneys, along with developmental abnormalities in other organs (Xu et al., 1999; Li et al., 2003). Our patients harboring EYA1 or SIX1 alterations also had hearing loss, ear deformities, or kidney problems.
BOR/BOS patients demonstrate intrafamilial and interfamilial phenotypic variability in the clinical setting, suggesting a lack of genotype–phenotype correlation. In the present study, proband 5-II-2 harboring c.1425delC exhibited all major symptoms of BOR, while patients 5-II-1 and 5-I-1 only presented with the triad of BOS, demonstrating coexistence of BOR and BOS in this family. The presence of interfamilial phenotypic variability has also been confirmed. A patient from China with the same c.1140+1G > A variant demonstrated no renal involvement; patients from Korea reportedly lack branchial fistulae; and Japanese patients have four main symptoms of BOR (Table 2). Notably, most patients carrying the same or different variants at the same position, such as c.1050+1G > T (Orten et al., 2008), c.1050+1G > C (Henriksen et al., 2004), or c.1050+2T > C (Unzaki et al., 2018), showed renal anomalies; such anomalies were not observed in our patients with the c.1050+1G > T variant. This variability is also present among patients with SIX1 variants. Patients with c.328C > T variant exhibited distinct phenotypes in several unrelated families (Kochhar et al., 2008). In addition, c.316G > A and c.317T > G led to the substitution of amino acids at the same position to methionine and glycine, respectively (Kochhar et al., 2008). Two individuals exhibited similar symptoms of BOS. Specifically, the same or a similar variant can cause variable clinical phenotypes in BOR/BOS, while different variants can cause similar clinical phenotypes.
The mechanism by which mutations produce phenotypic variability is undefined in BOR/BOS. Known EYA1 variants mainly comprise loss-of-function mutations; such variants typically imply haploinsufficiency through reduced gene dosage and expression (Figure 3) (Zhang et al., 2004). These results suggest that the inconsistency of phenotypes is partially influenced by the dosage effect. The Eya1 protein activates target genes controlling the development of the branchial arch, ear, or kidney only when a specific threshold is exceeded (Wang et al., 2018). Otherwise, environmental factors and genetic modifiers might also modify the phenotypes of BOR/BOS. Notably, we found that reported SIX1 variants mainly comprise missense (12/15). In the future, further exploration of the role of the dominant-negative effect (Shah et al., 2020) is also warranted.
BOS appears to be the main manifestation in China. In 1995, a study indicated that the estimated prevalence of renal abnormality was 67% in 21 patients with BOR in the United States; renal agenesis occurred most often, followed by hypoplasia, renal dysplasia, ureteral-pelvic junction obstruction, calyceal cyst/diverticulum, caliectasis, and hydronephrosis (Chen et al., 1995). In 2004, Chang et al. reported the renal abnormality frequency of 38% based on analyses of 40 families, but no detailed renal phenotypes were described (Chang et al., 2004). In France, Kurg et al. also identified 53% of the prevalence of renal anomalies in BOR patients harboring EYA1 variants; there is a wide range of abnormalities, namely, renal hypoplasia, multicystic kidney dysplasia, agenesis, abnormal pyelo-ureteral junction, and kidney malrotation, to name the most common (Krug et al., 2011). In our study, only one patient presented with left-sided renal hypoplasia, hydronephrosis, and pyelo-ureteral separation (1/9). We then calculated the frequency of renal malformations in East Asian populations through a literature review (Figure 4B). The frequencies were 14% in China, 39% in Japan, and 41% in Korea. Comparatively, the morbidity of renal anomalies appears to be lower and statistically different, suggesting that patients may primarily present with BOS in China. The elucidation of population differences in renal anomalies requires further exploration.
The clinical management of BOR/BOS requires individual management and multidisciplinary collaboration because of the multi-systemic symptoms. Deafness, the most prevalent manifestation of BOR/BOS, requires close attention and early treatment. Patients with BOR/BOS exhibit multiple structural malformations of the middle ear, especially ossicular malformations. Surgeons perform ossicular reconstruction to repair mixed or conductive hearing loss (Cremers et al., 1981), but the results are not always satisfactory. Our therapeutic findings for probands 1-II-3 and 5-I-1 were consistent with previous results. Thus, we presume that middle ear surgery is not optimal for patients with BOR/BOS. Hearing aids are beneficial to most patients, but this treatment should be individually tailored. Proband 1-II-3 received soft-banded bone-conduction hearing aids, while proband 2-II-1 wore air-conduction hearing aids after fitting. Their hearing abilities were substantially improved, which facilitated the fulfillment of learning and communication needs. Miyagawa et al. performed bone-anchored hearing aid implantation on a patient with BOS, which led to an improved hearing threshold (Miyagawa et al., 2015). Therefore, bone-conduction hearing device implantation may be considered when cranial bone thickness is at least 4 mm. CI may be a good option when hearing aids do not substantially improve hearing. Kameswaran et al. performed CI on a BOR patient with multiple inner ear malformations (Kameswaran et al., 2007); Bajaj et al. analyzed the surgical effect of CI in syndromic children, including children with BOR/BOS (Bajaj et al., 2012); their results indicated that CI was feasible in patients with BOR/BOS. In the present study, proband 5-II-3 underwent CI in the right ear after a comprehensive evaluation of the preoperative findings. CI can be successful through careful intraoperative operation, and the postoperative hearing ability is satisfactory with rehabilitation.
In conclusion, the symptoms of BOR or BOS in this study were attributed to EYA1 or SIX1 alterations. BOR/BOS exhibited some genetic and phenotypic variability. The outcomes of auditory rehabilitation reiterated that middle ear surgeries are generally unsatisfactory in patients with BOR/BOS; CI may be a feasible option when patients cannot benefit from hearing aids. Genetic testing contributes to the diagnosis and future genetic consultation; it has vital roles in therapy and intervention.
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