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Identification of four novel
variants in the CDHZ23 gene from
four affected families with
hearing loss
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Background: Hearing loss (HL) is the most common form of sensory disorder in
humans. Molecular diagnosis of HL is important for genetic counseling for the
affected individuals and their families.

Methods: To identify potential genetic causes, we performed whole-exome
sequencing and related biomedical informatics for 351 non-syndromic HL
patients and their family members.

Results: In the present study, we report the identification of four compound
heterozygous variants in the CDH23 gene from four affected families, including
four novel variants (c.995C>A, p.T332K; c.2159G>A, p.R720Q; c.5534A>G,
p.N1845S, and c.7055-1G>C) and two frequently reported variants
(c.719C>T, p.P240L and c.4762C>T, p.R1588W).

Conclusion: Our findings significantly expanded the mutation spectrum of
CDHZ23-associated autosomal recessive hearing loss.

KEYWORDS
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Introduction

Hearing loss (HL) is the most common form of sensory disorder in humans, which
can have a profound impact on quality of life. Approximately 466 million people
worldwide suffer from hearing problems, which is projected to reach 900 million by
2050 (Li et al., 2021a). In developed countries, approximately 80% of congenital hearing
loss is genetic, most often autosomal recessive and nonsyndromic (Shearer et al., 1993).
Genetic-related hearing loss can be subdivided into syndromic or nonsyndromic, based
on the presence or absence of coinherited anomalies. To date, more than 150 genes have
been found to cause hearing loss (Raviv et al., 2010). Approximately 60%-70% of cases of
inherited nonsyndromic deafness are associated with autosomal recessive mutations while
20%-30% are autosomal dominant (Rehman et al., 2017).

Mutations in the CDH23 gene were first identified in patients with Usher Syndrome
(Bolz et al., 2001; Bork et al.,, 2001), which is a syndromic hearing loss (OMIM: 601067)
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The encoded protein cadherin 23 (CDH23) belongs to the
which of
transmembrane proteins that mediate calcium-dependent cell-
cell adhesion (Ramzan et al., 2020). To date, at least 492 different
mutations in CDH23 have been curated in Human Gene
Mutation Database (HGMD). Among them, 40 different
recessive mutations of CDH23 are associated with non-
syndromic deafness 12 (DFNB12, Phenotype ID 434809557).
Most of the CDH23 variants are associated with Usher syndrome

cadherin  superfamily, constitutes a family

type 1 or syndromic deafness (USH1D).

In the past 3 years, we recruited a cohort of 351 affected
individuals with congenital sensorineural deafness using whole-
exome sequencing and associated bioinformatics analysis. Here,
we reported the identification of four novel variants in the
CDH23 gene from four probands with profound congenital
sensorineural deafness.

Materials and methods

Affected individuals

A total of 351 affected individuals with congenital hearing
loss and their parents in 323 families were recruited by local
hospitals for exome sequencing analysis. Detailed medical
histories were collected for all affected individuals and their
families. A series of tests were performed for each of the
affected individuals, such as high-resolution CT and magnetic
resonance imaging (MRI) scans. All the participating individuals

signed written informed consent.

Exome sequencing and bioinformatic
analyses

Blood samples from the affected individuals and their family
members were taken for DNA extraction. Exome-enriched
genomic libraries were prepared using the Agilent SureSelect
Human Expanded All Exon V6 kit and sequenced on an Illumina
NovaSeq6000 with an average of 100x coverage. Genomic reads
were aligned for SNP calling and further analysis for
identification of candidate causal variants which are predicted
by multiple programs, such as Varsome, MutationTaster,
Polyphen-2 SIFT.  Detected with
MAF >0.001 based on gnomAD or in-house Chinese Exome
Database were eliminated as previously described (Li et al.,
2021b; Cai et al,, 2022; Luo et al., 2022). Selected variants
were further confirmed by Sanger sequencing with specific

and variants

primers (Supplementary Table S1). Based on the wildtype 3-
dimentional CDH23 protein model (https://swissmodel.expasy.
org/), effects of the
CDH23 protein functions were predicted using SPDBV 4.

potential identified variants on
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10 software (https://swiss-pdb-viewer.software.informer.com/4.
1/).

Results

Clinical findings of five affected individuals
In family 1, two daughters were affected with hearing loss

(Figure 1A). The proband was a 4 years old girl, who had

birth,
movements. Both parents had no family history of any

normal motor development after normal fine
genetic disorders.

In family 2, the proband was a 4 years old girl (Figure 1B).
She did not pass newborn hearing screening. She could call
“mom” when she was 7-month-old, and call “dad” around 9-
month-old. She received a hearing aid at the age of 2.5 years and
had a cochlear implant at the age of four. No family history of
genetic disorders was found.

In family 3, the affected boy (Figure 1C) passed newborn
hearing screening. He could call mom and dad around 1 year old.
At 2-year and 3-month of age, he was diagnosed with bilateral
profound/severe hearing loss. No other abnormalities or family
history of genetic disorders were found.

In family 4, the affected boy (Figure 1D) was diagnosed with
severe hearing loss when he was about 1 year old. No other
abnormalities were found by physical examination. No family
history of genetic disorders was found.

Hearing threshold tests using pure tone audiometry
examinations show severe bilateral sensorineural hearing loss
for all the affected probands (Figures 1E-H, respectively). The
hearing threshold levels [Rt/Lt (dB)] for each of the probands are

between 90/110 as listed in Table 1.

Genetic variants identified in half of
examined patients

During the last 3 years, 351 individuals with congenital
sensorineural deafness from 323 unrelated families were
examined by exome sequencing. Among them, potential
causal variants were identified in 166 affected individuals
(51.4%). Among the 166 affected individuals, nearly one-
third of them (54 individuals, 32.53%) were identified with
variants within the GJB2 gene. The second most frequently
mutated gene in this cohort is SLC26A4 (36 individuals,
21.69%). The third most frequently mutated gene in this
cohort is the MY O 15A gene (15 individuals, 9.04%). Ten
additional genes with 1%-5% mutation rates included CHD7
(4.22%), SOX10 (2.41%), CDH23 (2.41%), MYO7A (1.81%),
MITF (1.81%), EYAI (1.81%), ESRRB (1.20%), PTPNII
(1.20%), TECTA (1.20%), and PTPRQ (1.20%).
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Clinical findings of affected four families. (A—D) Family trees. Probands are indicated by arrows. (E—H) Pure tone audiometry examinations show
bilateral severe sensorineural hearing loss for the affected probands 1 to 4, respectively.

Identification of four compound
mutations in CDH23

In the present study, we report four different compound
heterozygous mutations in the CDH23 gene (NM_022124.6)
from five patients in four families identified by exome
sequencing (Table 1; Figure 2) and further confirmed by
Sanger sequencing (Supplementary Figure S1). Among
these  mutations, only two variants (c.719C>T;
p.Pro240Leu c.4762C>T;  p.Argl588Trp) were
previously reported (HGMD). Four variants in CDH23

and
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(Table 1) were not reported or curated in HGMD,
including 1) ¢.7055-1G>C in family 2; 2) c.995C>A;
p-Thr332Lys, and ¢.5534A>G; p.Asnl1845Ser in family 3; 3)
c.2159G>A; p.Arg720GLn in family 4. In addition, the
affected child in family four also carried a heterozygous
variant ¢.235delC (p.Leu79Cysfs*3) in GJB2, which was
inherited from his phenotypically normal father. It is
worthy to mention that homozygous c.235delC variants in
GJB2 were frequently detected in patients with recessive non-
syndromic hearing loss due to a founder effect (Jiang et al.,
2022).
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TABLE 1 Evaluation of seven different CDH23 mutations identified in five patients with hearing loss.

Family Threshold Rt/
Lt
(dB)

1 (2 affected) 100/100

2 (4 years-old) 110/

110 Profound
3 (~2 years-old) 90/

(with CI) 110 Profound
4 (2 years-old) 100/
(with CI) 100 Profound

Allele 1

¢.719C>T; g.73330641C>T
(p. Pro240Leu)

c.719C>T g.73330641C>T
(p. Pro240Leu)

c.995C>A g.73377011C>A
(p.Thr332Lys)

c.2159G>A g.73450324G>A
(p. Arg720GIn)

Varsome/ACMG

pathogenic; score: 14; ACMG:
Pathogenic

Pathogenicity Scores: 13;
ACMG: Pathogenic

Pathogenicity score: 14; ACMG:

Pathogenic

Pathogenicity score: 12; ACMG:

Uncertain Significance

Allele 2

¢.5534A>G g.73544679A>G
(p. Asn1845Ser)

¢.7055-1G>C
g.73558867G>C

¢.5534A>G g.73544679A>G
(p.Asn1845Ser)

c.4762C>T g.73501595C>T
(p.Argl588Trp)

10.3389/fgene.2022.1027396

Varsome/ACMG

Pathogenicity score: 13; ACMG:
Likely Pathogenic

Pathogenicity score: 6; ACMG:
Pathogenic

Pathogenicity score: 14; ACMG:
Likely Pathogenic

Pathogenicity score: 9; ACMG:
Uncertain Significance

Notes: CI, cochlear implant. Five novel variants are in blod. Varsome: https://varsome.com/. ACMG: https://www.medschool.umaryland.edu/genetic_variant_interpretation_tooll.html/
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FIGURE 2

Mutation analysis of CDH23. (A) Five different missense mutations identified in the five affected individuals are mapped to the CDH23 protein.
The spicing variant (c.7055-1G>C) in CDH23 is not shown in the CDH23 protein structure. As a comparison, 12 reported missense variants (HGMD)
near the loci identified in the present study are also shown in green boxes. These missense variants are associated with nonsyndromic autosomal
recessive deafness. Transmembrane domain (TM): amino acids 3,068-3,090. (B) All the five variants are evolutionarily conserved as shown in
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multiple sequence alignment containing 10 different species from Xenopus to Human.

In silico analysis predicted pathogenic

variants

Several major in silico variant prediction tools and molecular
modeling were utilized to assess pathogenic effects of the detected
variants on CDH23 protein structure, stability and function. The
longest isoform of CDH23 (3,354 amino acids, GenBank acc. No.
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mmmmmmmmmm

NP_071407.4) contains 26 extracellular cadherin (EC) repeats

and one non-canonical domain (Figure 2A). Two missense
variants (p.P240L and p.T332K) were gathered in the third

04

EC repeat region (ie., EC3; amino acids 258-346). The
variant p.R720Q was in the seventh EC repeat (EC7, amin
acids 693-776), p.R1588W in the 15th EC repeat (EC15,
amino acids 1,550-1,632) and the p.N1845S in the 17th EC

frontiersin.org


https://varsome.com/
https://www.medschool.umaryland.edu/genetic_variant_interpretation_tool1.html/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1027396

Kang et al.

Wild-type CDH23 protein

- Pro240
<—- ‘Thr332£= e

Asnl845

b

FIGURE 3

10.3389/fgene.2022.1027396

Mutated CDH23 protein

{ Leu240

C . Lys332

Thr730
€ Thr731

Thr729

GIn720

Ser1845

Three-dimensional protein structure analysis of five mutation-containing regions in CDH23. Four wild-type EC repeats (EC3, EC7, EC15, and
EC17) CDH23 protein structures are listed on the left panels; four mutated counter parts are on the right. The locations of amino acid 240, 332, and
1845 do not have hydrogen bond formed with the surrounding amino acids. On the other hand, the residue R720 or R1588 may form several
hydrogen bonds with surrounding amino acids (indicated by a dotted green line).

repeat (EC17, amino acids 1766-1849) (Figure 2A). Previously
reported mutations in these four EC regions were linked to
autosomal recessive nonsyndromic deafness and Usher
syndrome 1D (Supplementary Table S2).

To examine the evolutionary conservation of the five amino
acids that were mutated in the patients, CDH23 protein
sequences of 10 different species from Xenopus to human
were retrieved from reference sequences at NCBI (https://
www.ncbi.nlm.nih.gov/gene/) for multiple sequence alignment
analysis using Ugene program (http://ugene.net/). As shown in
Figure 2B, all the five residues that were mutated in the affected
individuals, including P240, T332, R720, R1588, and N1845, are
evolutionarily conserved.

Furthermore, pathogenicities of these variants were predicted

using several commonly used in silico tools. Both REVEL (Rare
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Exome Variant Ensemble Learner) and CADD (Combined
Annotation Dependent Depletion) predicted that all the
missense variants to be deleterious. More detailed analysis
using Varsome online tool (Version 11.3) predicted all the
variants (Table 1) to be pathogenic in quantitative scales
(from pathogenicity score 6-14). Meanwhile, Varsome ACMG
analysis predicted most of the variants (Table 1) to be pathogenic
or likely pathogenic, except the last two variants (c.2159G>A and
c4762C>T) to be of uncertain significance.

To look potential effects of the missense variants on CDH
protein structure and associated functions, three-dimensional
structures of four regions (EC3, EC7, EC15, and ECI17,
Figure 2A) of wild-type CDH23 were moldered using SWISS-
MODEL (Figure 3, four panels on the left side). All the five
missense variants in these regions may affect surrounding

frontiersin.org
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structure of CDH23 (Figure 3, four panels on the right side).
Apparently, the wildtype Arg720 could form hydrogen bonds
with Thr729. However, the Arg720GIn variant appeared to have
five hydrogen bonds with three Thr residue from 729 to 731.
Although other three variations were not found to affect
hydrogen bond formation, the substitutions of charged
residues are physiochemically significant.

Discussion

In this study, we performed exome sequencing analysis for
351 affected individuals with hearing loss. Among the identified
causal genes, variants in GJB2 and SLC26A4 were most
frequently identified in this cohort, which is similar to
previous reports (Fu et al., 2019; Xie et al., 2021). Here, we
reported the identification of four novel variants in the CDH23
gene (Table 1), which significantly expanded the mutation
spectrum of CDH23-associated non-syndromic autosomal
recessive deafness.

The CDH23 gene is a member of the cadherin superfamily,
which
glycoprotein and is known to be expressed in inner and

encodes a calcium-dependent cell-cell adhesion
outer hair cells in the cochlea (Usami et al., 2022). Recessive
mutations in CDH23 can cause non-syndromic autosomal
recessive deafness 12 (DFNB12, OMIM: 601386) and Usher
syndrome type 1D deafness (USHID, OMIM: 601067).
DFNBI12 is characterized by prelingual-onset sensorineural
NSHL, without the impairment of visual or vestibular
functions (Ramzan et al., 2020; Usami et al., 2022). On the
other hand, USHID (OMIM: 601067) is the most severe
subtype and is characterized by a severe to profound
prelingual SNHL, early retinitis pigmentosa onset and
vestibular alterations (Fuster-Garcia et al., 2021).

To date, at least 492 different variants of CDH23 have been
curated in Human Gene Mutation Database (HGMD). Among
them, missense/nonsense variants account for the majority,
which are located in the extracellular region (Figure 2A).
Missense variants in CDH23 usually underlie a milder
phenotype of NSHL. In contrast, protein-truncating-related
CDH23 mutations due to frameshift, splice site, or nonsense
pathogenic variants are causative of the Usher syndrome with
more severe phenotypes (Ramzan et al., 2020). However,
compound heterozygous variants, if only one of the
variants is a LoF allele, may not cause Usher syndrome like
the affected child in family 2. In all detected CDH23 variants,
p.Pro240Leu and p.Argl588Trp are the most common
variants in the Japanese hearing loss population (Usami
et al, 2022). A meta-analysis indicated the p.Pro240Leu
variant increased the risk of NHSL in Asian populations
(Xu et al., 2019).

Notably, cadherin-23 is colocalized with protocadherin-
15 (encoded by the PCDHI5 gene) in the hair-cell tip link
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(Sotomayor et al., 2010), a fine filament directly conveying

force to mechanosensitive transduction channels.
Mutations of PCDHI5 also cause similar disorders,
including autosomal recessive deafness 23 (OMIM:

609533) and Usher syndrome type 1D (OMIM: 601067)
or Usher syndrome type 1F (OMIM: 602083) (Ahmed et al.,
2003; Doucette et al., 2009).

Lastly, affected individuals with hearing loss could benefit
from the identification of their genetic causes by genomic
better
evaluation and postoperative effect prediction for clinic
and cochlear implant (CI). In fact, patients with CDH23
mutations were predicted to acquire an acceptable auditory

sequencing, which may provide preoperative

and speech outcome after CI (Liu et al., 2008; Yoshimura
et al., 2020; Chen et al., 2022). In our study, two affected
children in family three and family four underwent bilateral
CI surgery at age of 2 years and indeed showed acceptable
recovery.

Conclusion

Taken together, we screened 351 affected individuals with
hearing loss and their parents using exome sequencing. Here, we
reported the identification of four novel variants (c.995C>A,
p.T332K; c2159G>A, p.R720Q; ¢.5534A>G, p.N1845S, and
¢.7055-1G>C) in the CDH23 gene from five affected
individuals with autosomal recessive non-syndromic deafness
(OMIM: DENBI2). Our findings significantly expanded the
mutation spectrum of CDH23-associated autosomal recessive
hearing loss.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethics Review Committee of Jiujiang University.
Written informed consent to participate in this study was
provided by the participants’ legal guardian/next of kin.

Author contributions

BK, XL, JX, and YL collected sequencing data and clinic
information; all co-authors analysed the data; BK, JX, and XL
draft the paper; TC wrote the final paper. BK, XL, JX, and JZ are
employee while TC is a volunteer in Angen Med Tech.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1027396

Kang et al.

Funding

This study received funding from Audiology
Development Foundation of China (NO.
53100000500017757XA19013) and China  Disabled

Person’s Federation (NO. 20&ZC035). The funder was not
the
interpretation of data, the writing of this article or the

involved in study design, collection, analysis,

decision to submit it for publication.

Acknowledgments

The authors are grateful to the patients and their family
members for their participation in this study.

Conflict of interest

BK, XL, JX, JZ, TC are employed by the Beijing Angel Gene
Medical Technology Co., Ltd.

References

Ahmed, Z. M., Riazuddin, S., Ahmad, J., Bernstein, S. L., Guo, Y., Sabar, M. F.,
et al. (2003). PCDHI1S5 is expressed in the neurosensory epithelium of the eye and
ear and mutant alleles are responsible for both USHIF and DFNB23. Hum. Mol.
Genet. 12, 3215-3223. doi:10.1093/hmg/ddg358

Bolz, H., Von Brederlow, B., Ramirez, A, Bryda, E. C., Kutsche, K., Nothwang, H.
G,, et al. (2001). Mutation of CDH23, encoding a new member of the cadherin gene
family, causes Usher syndrome type 1D. Nat. Genet. 27, 108-112. doi:10.1038/83667

Bork, J. M., Peters, L. M., Riazuddin, S., Bernstein, S. L., Ahmed, Z. M., Ness, S. L.,
et al. (2001). Usher syndrome 1D and nonsyndromic autosomal recessive deafness
DFNBI2 are caused by allelic mutations of the novel cadherin-like gene CDH23.
Am. J. Hum. Genet. 68, 26-37. d0i:10.1086/316954

Cai, T,, Huang, J., Ma, X,, Hu, S., Zhu, L., Zhu, ], et al. (2022). Case report:
Identification of two variants of ALG13 in families with or without seizure and
binocular strabismus: Phenotypic spectrum analysis. Front. Genet. 13, 892940.
doi:10.3389/fgene.2022.892940

Chen, K, Huang, B, Sun, J, Liang, Y., and Xiong, G. (2022). Cochlear
implantation outcomes in children with CDH23 mutations-associated hearing
loss. Otolaryngol Head Neck Surg 167, 560-565.

Doucette, L., Merner, N. D., Cooke, S., Ives, E., Galutira, D., Walsh, V., et al.
(2009). Profound, prelingual nonsyndromic deafness maps to chromosome
10921 and is caused by a novel missense mutation in the Usher syndrome type
IF gene PCDHI15. Eur. J. Hum. Genet. 17, 554-564. doi:10.1038/ejhg.2008.231

Fu, Y., Zha, S, Lu, N,, Xu, H,, Zhang, X., Shi, W., et al. (2019). Carrier frequencies
of hearing loss variants in newborns of China: A meta-analysis. J. Evid. Based. Med.
12, 40-50. doi:10.1111/jebm.12305

Fuster-Garcia, C., Garcia-Bohorquez, B., Rodriguez-Munoz, A., Aller, E., Jaijo, T.,
Millan, J. M,, et al. (2021). Usher syndrome: Genetics of a human ciliopathy. Int.
J. Mol. Sci. 22, 6723. doi:10.3390/ijms22136723

Jiang, Y., Huang, S., Zhang, Y., Fang, N,, Liu, Q,, Liu, Y., et al. (2022). Evolutionary origin
of pathogenic GJB2 alleles in China. Clin. Genet. 102, 305-313. doi:10.1111/cge.14191

Li, S, Cheng, C, Lu, L., Ma, X,, Zhang, X,, Li, A, et al. (2021a). Hearing loss in
neurological disorders. Front. Cell Dev. Biol. 9, 716300. doi:10.3389/fcell.2021.716300

Li, Y., Xiong, J., Zhang, Y., Xu, L., Liu, J., and Cai, T. (2021b). Case report: Exome
sequencing identified variants in three candidate genes from two families with
hearing loss, onychodystrophy, and epilepsy. Front. Genet. 12, 728020. doi:10.3389/
fgene.2021.728020

Frontiers in Genetics

07

10.3389/fgene.2022.1027396

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of

interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2022.1027396/full#supplementary-material

Liu, X. Z., Angeli, S. I, Rajput, K., Yan, D., Hodges, A. V., Eshraghi, A., et al.
(2008). Cochlear implantation in individuals with Usher type 1 syndrome.
Int. ]. Pediatr. Otorhinolaryngol. 72, 841-847. doi:10.1016/j.ijpor].2008.
02.013

Luo, Z. J., Li, H,, Yang, L., Kang, B,, and Cai, T. (2022). Exome sequencing
revealed USP9X and COL2A1 mutations in a large family with multiple epiphyseal
dysplasia. Bone 163, 116508. doi:10.1016/j.bone.2022.116508

Ramzan, K., Al-Numair, N. S., Al-Ageel, S., Elbaik, L., Sakati, N., Al-Hazzaa, S. a.
F., et al. (2020). Identification of novel CDH23 variants causing moderate to
profound progressive nonsyndromic hearing loss. Genes (Basel) 11, E1474. doi:10.
3390/genes11121474

Raviv, D., Dror, A. A,, and Avraham, K. B. (2010). Hearing loss: A common
disorder caused by many rare alleles. Ann. N. Y. Acad. Sci. 1214, 168-179. doi:10.
1111/j.1749-6632.2010.05868.x

Rehman, A. U, Friedman, T. B., and Griffith, A. J. (2017). Unresolved questions
regarding human hereditary deafness. Oral Dis. 23, 551-558. doi:10.1111/0di.12516

Shearer, A. E., Hildebrand, M. S., Smith, R. J. H., Adam, M. P., Mirzaa, G. M.,
Pagon, R. A, et al. (1993). “Hereditary hearing loss and deafness overview,” in
GeneReviews((R)). Seattle (WA)).

Sotomayor, M., Weihofen, W. A., Gaudet, R., and Corey, D. P. (2010). Structural
determinants of cadherin-23 function in hearing and deafness. Neuron 66, 85-100.
doi:10.1016/j.neuron.2010.03.028

Usami, S. L, Isaka, Y., Miyagawa, M., and Nishio, S. Y. (2022). Variants in
CDH23 cause a broad spectrum of hearing loss: From non-syndromic to syndromic
hearing loss as well as from congenital to age-related hearing loss. Hum. Genet. 141,
903-914. doi:10.1007/s00439-022-02431-2

Xie, L., Qiu, Y., Jin, Y., Xu, K., Bai, X,, Liu, X. Z,, et al. (2021). Hearing screening
combined with target gene panel testing increased etiological diagnostic yield in
deaf children. Neural Plast. 2021, 6151973. doi:10.1155/2021/6151973

Xu, T., Zhu, W., and Wang, P. (2019). The p.P240L variant of CDH23 and the risk
of nonsyndromic hearing loss: A meta-analysis. Eur. Arch. Otorhinolaryngol. 276,
11-16. doi:10.1007/s00405-018-5160-8

Yoshimura, H., Moteki, H., Nishio, S. Y., Miyajima, H., Miyagawa, M., and
Usami, S. I. (2020). Genetic testing has the potential to impact hearing preservation
following cochlear implantation. Acta Otolaryngol. 140, 438-444. doi:10.1080/
00016489.2020.1730439

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2022.1027396/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.1027396/full#supplementary-material
https://doi.org/10.1093/hmg/ddg358
https://doi.org/10.1038/83667
https://doi.org/10.1086/316954
https://doi.org/10.3389/fgene.2022.892940
https://doi.org/10.1038/ejhg.2008.231
https://doi.org/10.1111/jebm.12305
https://doi.org/10.3390/ijms22136723
https://doi.org/10.1111/cge.14191
https://doi.org/10.3389/fcell.2021.716300
https://doi.org/10.3389/fgene.2021.728020
https://doi.org/10.3389/fgene.2021.728020
https://doi.org/10.1016/j.ijporl.2008.02.013
https://doi.org/10.1016/j.ijporl.2008.02.013
https://doi.org/10.1016/j.bone.2022.116508
https://doi.org/10.3390/genes11121474
https://doi.org/10.3390/genes11121474
https://doi.org/10.1111/j.1749-6632.2010.05868.x
https://doi.org/10.1111/j.1749-6632.2010.05868.x
https://doi.org/10.1111/odi.12516
https://doi.org/10.1016/j.neuron.2010.03.028
https://doi.org/10.1007/s00439-022-02431-2
https://doi.org/10.1155/2021/6151973
https://doi.org/10.1007/s00405-018-5160-8
https://doi.org/10.1080/00016489.2020.1730439
https://doi.org/10.1080/00016489.2020.1730439
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1027396

	Identification of four novel variants in the CDH23 gene from four affected families with hearing loss
	Introduction
	Materials and methods
	Affected individuals
	Exome sequencing and bioinformatic analyses

	Results
	Clinical findings of five affected individuals
	Genetic variants identified in half of examined patients
	Identification of four compound mutations in CDH23
	In silico analysis predicted pathogenic variants

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


