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Abstract: The PTPRQ gene has been identified as one of the genes responsible for non-syndromic
sensorineural hearing loss (SNHL), and assigned as DFNA73 and DFENB84. To date, about 30 causative
PTPRQ variants have been reported to cause SNHL. However, the detailed clinical features of PTPRQ-
associated hearing loss (HL) remain unclear. In this study, 15,684 patients with SNHL were enrolled
and genetic analysis was performed using massively parallel DNA sequencing (MPS) for 63 target
deafness genes. We identified 17 possibly disease-causing PTPRQ variants in 13 Japanese patients,
with 15 of the 17 variants regarded as novel. The majority of variants identified in this study were
loss of function. Patients with PTPRQ-associated HL mostly showed congenital or childhood onset.
Their hearing levels at high frequency deteriorated earlier than that at low frequency. The severity of
HL progressed from moderate to severe or profound HL. Five patients with profound or severe HL
received cochlear implantation, and the postoperative sound field threshold levels and discrimination
scores were favorable. These findings will contribute to a greater understanding of the clinical
features of PTPRQ-associated HL and may be relevant in clinical practice.

Keywords: PTPRQ; non-syndromic hearing loss; DFNA73; DFNB84; congenital onset hearing loss;
childhood onset hearing loss; progressive hearing loss; cochlear implantation
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1. Introduction

Hearing loss (HL) is a common sensory impairment in humans, with the most common
cause of congenital sensorineural hearing loss (SNHL) being genetic factors [1]. Genetic
HL shows extreme heterogeneity, and non-syndromic hearing loss (HL) is reported to be
responsible for approximately 75% of genetic HL. At present, 124 non-syndromic HL genes
are listed on the Hereditary Hearing Loss homepage [2].

In Japan, genetic analysis using next-generation sequencing for HL is partially covered
by social health insurance, and such genetic analysis has been widely used as a diagnostic
tool recently. Therefore, many genetic variants have been identified in Japanese HL patients.
The PTPRQ gene encodes protein tyrosine phosphatase receptor Q, and is one of the genes
causing non-syndromic SNHL, assigned DFNA73 and DFNB84 [2]. The PTPRQ locus on
chromosome 12q21.31 comprises 45 exons [3]. Previous studies revealed that the PTPRQ
protein is localized in the basal region of the stereocilia in hair cells, and is required for
stereocilia shaft connector formation and cochlear hair bundle maturation [4-6]. PTPRQ
is a relatively rare causative gene for SNHL. To date, about 30 causative PTPRQ variants
have been reported to cause SNHL [7]. However, the detailed clinical features of PTPRQ-
associated HL remain unclear. Further, there have been few reports on the effectiveness of
hearing aids or cochlear implants. In this study, we describe the detailed clinical findings,
including the outcome of cochlear implantation, of Japanese patients with PTPRQ variants.

2. Materials and Methods
2.1. Subjects

A total of 15,684 patients with SNHL were enrolled in this study and genetic analysis
was performed in the Department of Hearing Implant Sciences, Shinshu University School
of Medicine. Among the 15,684 patients, 15 were identified with biallelic disease-causing
PTPRQ variants. This study was approved by the respective ethical committees of the
Shinshu University Ethical Committee (Approval number: No. 387—14 September 2012,
No. 576—2 May 2017 and No. 718—7 March 2022) and the other participating institutions,
and was conducted in accordance with the Declaration of Helsinki. Informed consent was
obtained from all patients, or guardians in the case of minors.

2.2. Clinical Evaluations

Clinical information and peripheral blood or saliva samples were obtained from each
proband and from all consenting relatives. Clinical information including (1) onset age;
(2) hearing level and severity; (3) progression of HL; (4) pedigree; (5) intervention for HL
and sound field threshold levels, with hearing aid or cochlear implant, were collected
from medical charts. During the recruitment process, all participants were asked about
any episodes or symptoms of vertigo. Evaluation of HL was performed by pure-tone
audiometry. The average hearing level was calculated from the audiometric thresholds at
four frequencies (500, 1000, 2000, and 4000 Hz). The severity of HL was classified based on
the better hearing ear as normal (<20 dB), mild HL (21-40 dB), moderate HL (41-70 dB),
severe HL (71-95 dB), and profound HL (>95 dB) [8]. The audiometric configurations were
categorized into flat, low-frequency ascending, mid-frequency U-shaped, high-frequency
gently sloping, and high-frequency steeply sloping, as reported previously [9]

2.3. Genetic Analysis

Massively parallel DNA sequencing (MPS) analysis for 63 target deafness genes was
performed for all patients. The detailed protocol is described elsewhere [10]. In brief, an Ion
AmpliSeq Custom Panel (ThermoFisher Scientific, Waltham, MA, USA) was designed using
an Ion AmpliSeq Designer, and the amplicon libraries were prepared using an Ion AmpliSeq
library kit version 2.0 (ThermoFisher Scientific, Waltham, MA, USA). The emulsion PCR
and MPS were performed using an Ion PGM, Ion Proton or IonS5 sequencer (ThermoFisher
Scientific, Waltham, MA, USA), and the sequence data were mapped against the human
genome sequence (build GRCh37/hg19).
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The protein-affecting variants (including the missense, nonsense, insertion/deletion, and
splicing variants) with an allele frequency of less than 1% of the 1000 genome database [11],
the 6500 exome variants, The Genome Aggregation Database [12], the human genetic
variation database (dataset for 1208 Japanese exome variants) [13], the 38,000 Japanese
genome variation database [14], and the 333 in-house Japanese normal hearing controls
were selected. The annotation for each variant was analyzed by ANNOVAR software ver.
20191024 [15]. Functional in silico predictions were performed for missense variants by
SIFT [16], PolyPhen2 [17], Mutation Taster [18], Mutation Assessor [19], FATHMM [20],
and Combined Annotation Dependent Depletion (CADD) [21] software programs included
in dbNSFP ver.3.5. The remaining PTPRQ variants were confirmed by direct sequencing.
Segregation analysis for family members was also performed by direct sequencing.

The pathogenicity of the identified variants was evaluated using the American College
of Medical Genetics (ACMG) standards and guidelines [22]. The variants previously
reported as “Pathogenic” or “Likely Pathogenic” were applied the same pathogenicity
classification, in cases where no contradictory evidence was identified. The variants
classified as “Likely Pathogenic” or “Pathogenic” in ACMG standards and guidelines were
considered to be causative variants. In addition, variants classified as being of “Uncertain
Significance” were also considered to be causative, if all three of the following conditions
were satisfied: (1) no other candidate variants were identified in the other 67 genes; (2) the
allele frequency was extremely low in the control populations in ExAC03, gnomAD, ToMMo
54KJPN, and in-house controls; and (3) the CADD score was 20 or more.

3. Results
3.1. Identified Variations

In this study, we identified 17 possibly disease-causing PTPRQ variants in 13 Japanese
HL patients. As shown in Tables 1 and 2, six variants were nonsense variants, four variants
were small insertions or deletions leading to frameshift change, one variant was an in-frame
small deletion, four variants were splicing site variants, and two variants were missense
variants. All 17 variants were located between exon 3 and exon 39. No variant was
identified in exon 45, in which a variant reported to be causative for autosomal dominant
HL (DFNAZ73) is located [23]. Two variants were already reported as pathogenic in previous
reports. Of the remaining 15 novel variants, 13 variants were loss of function variants
(including nonsense variants, small insertions or deletions, and splice site variants) and
were classified as “Pathogenic” variants or “Likely Pathogenic” variants according to the
ACMG guidelines [22]. Therefore, we concluded that those 13 variants cause PTPRQ-
associated HL. The remaining one missense and one small in-frame deletion variants
were classified as variants of “Uncertain Significance” under the ACMG guidelines [22].
However, we treated those variants as candidate variants for PTPRQ-associated HL as they
fulfilled the criteria described in the Methods section. However, further studies are needed
to confirm our conclusions regarding those variants.

All PTPRQ-associated HL patients identified in this study were unrelated. Three
patients had homozygous variants, and 10 patients had compound heterozygous variants.
PTPRQ variants have been reported as causative for autosomal recessive and dominant HL,
and assigned as DFNB84 and DFNA73 [2]. However, all patients identified in this study
carried biallelic variants and appeared to demonstrate autosomal recessive inheritance.
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Table 1. Clinical characteristics of the PTPRQ-associated hearing loss patients identified in this study.
Family . . .
) . . Base Change AA Change Base Change  AA Change . Severity of  Type of . Vestibular Hearing
I\Luer? ID Relationship Allele 1 Allele 1 Allele 2 Allele 2 Hereditary Onset Age Gender HL HL Progression Symptom  Device
1 HL9311 proband c.279T>G p-Y93 * ¢.5270G>C p-R1757T sporadic 7 20 F Moderate Flat Y N HA
2 JeLs proband c541delA  pSISIAfs*12  5270G>C pRI757T  sporadic 0 18 F Severe Flat Y N HA
3 LS proband CH41C>A p.S214 * C4093+1G>A sporadic 0 34 F Severe Stgf)ly Y Y c
4 Jirs proband .745C>T p.R249 * 5426+2T>C . sporadic 0 8 F Severe Flat Y N HA
5 HL2182  proband 745C>T p.R249 * c6017dupT  PA20O7NIES™ NA NA NA NA NA NA NA
6 LB proband 745C>T p.R249 * 745C>T pR249*  sporadic 0 9 M Profound Sté;ll};ly Y N cI
7 s proband  c1433_1436del  pS479Kfs*7  c1433_1436del  PSATKES AD 7 & F Profound Flat Y NA a
8 JHLB12398 proband c.1617delG p-M5391Ifs * 9 c.2030C>T p-T677M sporadic 13 29 M Moderate Stggly Y Y
9 JHLE- proband  ¢3206-2A>G . c3263G>A  pWI1088*  sporadic 3 37 F Severe Sté'elply Y Y HA
10 JHLB10176 proband c.3263G>A p-W1088 * ¢.5270G>C p-R1757T sporadic 4 50 M Profound Flat Y N CI
11 HL13084 proband c.4093+1G>A . c.4402+1G>A . sporadic 6 27 M Moderate Flat Y N
12 e proband C4261G>T pEl421* 4781 4783del pTi5%del  sporadic =~ NA 42 F Profound Flat NA N cI
13 0O-1614 proband c.4815C>A p-Y1605 * c.4815C>A p-Y1605 * sporadic 0 66 F Profound Flat Y NA

* All variants are indicated on NM_001145026. NA: not available, HF: high frequency, Y: yes, N: no, HA: hearing aid, CI: cochlear implant.
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Table 2. PTPRQ variants identified in this study.
. ToMMo ..

Nucleotide Change AA Change Exon PP2 MutTaster REVEL CADD 38KJPN gnomAD All Pathogenicity Reference
c.279T>G p-Y93* Exon 3 . A . 33 3.89 x 107° . Pathogenic This study
c.541delA p-S181Afs * 12 Exon 5 . . . . . . Likely pathogenic This study
c.641C>A p.S214 % Exon 5 . A . 39 . . Likely pathogenic This study
c.745C>T p-R249 % Exon 6 . A . 37 9.03 x 107> 1.95 x 107° Pathogenic Sakuma et al., 2015 [24]

.1433_1436del p-S479Kfs * 7 Exon 10 . . . . . . Pathogenic This study
c.1617delG p-Mb5391fs * 9 Exon 11 . . . . . . Likely pathogenic This study
¢.2030C>T p.T677M Exon 13 D D 0.344 34 0.0005842 2.70 x 107° VUs This study

€.3206-2A>G . Exon 20 D . 22.8 . . Likely pathogenic This study
¢.3263G>A p-W1088 * Exon 20 A 40 2.59 x 107> 6.55 x 107° Likely pathogenic This study
c.4093+1G>A . Exon 23 D 255 6.46 x 107° 6.58 x 107° Likely pathogenic This study
c.4261G>T p-E1421 * Exon 25 A 54 . . Likely pathogenic This study
c4402+1G>A . Exon 25 . D . 27 0.0002614 . Likely pathogenic This study
c.4781_4783del p-T159%6del Exon 28 : . . . 7.79 x 1072 6.53 x 107° VUS This study
c.4815C>A p-Y1605 * Exon 28 . A . 38 1.30 x 107° . Pathogenic This study
¢.5270G>C p-R1757T Exon 31 B D 0.153 241 0.0002841 . VUS Yang et al., 2013 [25]
¢.5426+2T>C . Exon 33 . D . 23.8 . . Likely pathogenic This study
c.6017dupT p-I12007Nfs * 14 Exon 39 . . . . . . Likely pathogenic This study

* All variants are indicated on NM_001145026. AA: amino acid, PP2: PolyPhen-2, MutTaster: Mutation Taster, VUS: variant of uncertain significance.
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3.2. Clinical Features of Patients and Outcomes of Hearing Devices

The clinical characteristics of the PTPRQ-associated HL patients identified in this
study are summarized in Table 1 and Figure 1. Four patients were male and eight patients
were female. The mode of inheritance was sporadic in 11 patients and autosomal dominant
in one patient. Regarding the onset age of the HL, five patients had congenital HL, two
patients had prelingual onset HL (below the age of 6), and four patients had post-lingual
onset HL (between the ages of 6 and 13). Nobody had adulthood onset HL. The hearing
levels at the examination in the 12 patients varied from moderate to profound. Five and
four patients had profound and severe HL, respectively, and three patients had moderate
HL. All patients had bilateral HL. The audiometric configurations of the 12 patients for
whom audiometric configuration information was available were categorized as flat type
HL in eight and high-frequency steeply sloping type HL in four patients. All 11 patients
had progressive HL. There were no individuals in whom HL did not deteriorate with time.
Among the 13 PTPRQ-associated HL patients, four patients wore hearing aids (HAs) and
five patients received cochlear implantation (CI). Three patients had symptoms of dizziness
or vertigo, while seven patients had no symptoms (Table 1).

Figure 2 shows the time course of hearing level in two patients (family number 1
and 6). A female patient (family number 1) showed HL progression. Her hearing level
deteriorated from 55 dB to 68.8 dB and 62.5 dB to 67.5 dB on PTA for the right and left ear,
respectively, over 6 years. A male patient (family number 6) also showed HL progression.
His hearing level deteriorated from 47.5 dB to 125 dB and 52.5 dB to 122.5 dB on PTA for
the right and left ear, respectively, over 20 years. At the age of four, he had moderate HL
and used bilateral hearing aids. The average sound field threshold level for patient #6
with hearing aids was about 35 dB. On progression to profound HL, he received bilateral
CI. The postoperative average sound field threshold level with the cochlear implants was
32 dB in the right ear and 35 dB in the left ear (Figure 3). His postoperative Japanese speech
discrimination scores measured 5 years after right cochlear implantation for monosyllables,
words and sentences by iCI-2004 test (the Japanese speech discrimination scoring system)
were 84, 100% and 100%, respectively. We were also able to obtain hearing thresholds with
hearing devices including HAs or CI for four patients including this patient. The average
sound field threshold level with the cochlear implant for three patients (family numbers 6,
10 and 12) was 30 dB (Figure 3).
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Figure 1. Pedigree and audiograms for each family for the PTPRQ-associated hearing loss patients

in this study. Arrows show the probands in each family. The variants identified in this study are

indicated on the figure.
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4. Discussion

The PTPRQ gene encodes a member of the type III receptor-like protein tyrosine
phosphatase family, and PTPRQ is known as one of the causative genes for non-syndromic
SNHL without inner malformation. PTPRQ-associated HL is a relatively rare genetic
cause of HL, with only about 30 causative PTPRQ variants reported to cause SNHL [7]. In
this study, we identified 17 variants from 13 HL patients, which is the largest number of
patients yet to be detected. The prevalence of PTPRQ-associated HL in this study was 0.08%
(13/15,684). Sloan-Heggen et al. reported the NGS analysis results for 1119 American HL
patients and, based on their report, the prevalence of PTPRQ-associated HL was 0.35%
(4/1119) [26]. Abu Rayyan et al., reported that the prevalence of PTPRQ-associated HL
in Palestinian patients was 0.61% (3/491) [27]. The prevalence varied among the study
population, but all reports support the notion that PTPRQ was a rare causative gene
for SNHL.

Among the 17 variants identified in this study, 15 (88.2%) were loss of function
variants, with the majority of variants (16/25, 64%) previously reported as also being
loss of function variants [23,28-35]. PTPRQ variants have been reported as causative for
autosomal recessive and autosomal dominant HL [2]. However, all patients identified
in this study carried biallelic variants and appeared to demonstrate autosomal recessive
inheritance. In a previous report, the loss of function variants identified in the last coding
exon (exon 45) were reported as causative for autosomal dominant HL (DFNA73). This
variant resulted in the truncation of the protein by escaping nonsense-mediated mRNA
decay and exerted a dominant-negative effect [23]. On the other hand, the loss of function
variants identified in other exons were reported as causative for autosomal recessive HL
(DENB84) [7,23]. All variants identified in this study were located in exon 3 to exon 39 and
no variants were located in exon 45. Thus, our findings were also consistent with those of
previous reports.

With regard to the onset age, a majority of our patients (5/11, 45.4%) had congen-
ital HL or prelingual onset HL (2/11, 18.2%). In addition, excluding only one case, all
patients showed onset HL in their first decade. In previous reports, most patients with
autosomal recessive inheritance also had congenital or prelingual HL [7,36—42]. Three
cases of autosomal recessive PTPRQ-associated HL with post-lingual HL were reported
in a single previous report (exact ages unknown) [28]. Thus, we concluded that the onset
age for autosomal recessive PTPRQ-associated HL will be congenital or early onset within
the first decade. With regard to the patients with autosomal dominant HL, the onset age
was reported from two years to the fourth decade, with the majority being post-lingual
(between the ages of 6 and 13) onset HL [23,43].

In this study, the hearing level at examination ranged from moderate to profound,
with the HL progressive in all 11 patients for whom medical reports were available. The
typical audiometric configuration of PTPRQ-associated HL was high-frequency steeply
sloping or flat type. The hearing level of most patients with flat-type HL (6/8) was severe
or profound. We obtained serial audiograms for two patients (family numbers 1 and 6) as
shown in Figure 2. Patient #6 showed flat-type moderate HL at the age of four. His high
frequency hearing then deteriorated from moderate to profound over 20 years, with his
HL changing from flat-type to high-frequency steeply sloping HL. In previous studies, the
hearing level in the patients with autosomal recessive inheritance ranged from moderate
to profound [7,28-35]. Most patients had progressive, high-frequency HL regardless of
autosomal recessive or autosomal dominant inheritance [7,23,28,37-43]. Three patients
with flat-type severe HL were also reported [29,37]. Therefore, we concluded that the
characteristic features of PTPRQ-associated HL involved the deterioration of high frequency
hearing earlier than that at low frequency, with the HL progressing to severe or profound.
Five patients received cochlear implantation and postoperative sound field threshold
levels were favorable. Among these five patients, we could obtain Japanese monosyllable,
words, and sentence discrimination scores for one patient with CI. This patient achieved
a more favorable Japanese monosyllable discrimination score (84%) than the average of
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all CI patients assessed under the same test conditions (iCI-2004 test), as reported in our
previous report (the average monosyllable discrimination score for 226 CI patients was
55.1 & 19.6%) [44]. The outcomes of cochlear implantation for cases with PTPRQ-associated
HL have not been reported previously. The PTPRQ protein localizes in the base of the
stereocilia and is known to play crucial roles in maintaining the stereocilia structure [4-6].
As a result, HL induced by PTPRQ variants is caused by hair cell stereocilia degeneration,
and this pathogenic mechanism supports the concept of beneficial outcomes for cochlear
implantation. In our previous reports, we showed that the cochlear implantation outcomes
for patients with an intra-cochlear etiology associated with a specific genetic background
are potentially favorable [45,46]. The results of this study are consistent with those of our
previous reports and also support this concept.

In this study, three patients reported symptoms of vertigo, while seven patients had
no symptoms. A previous study revealed that hair bundles were lacking and vestibular
evoked potentials were absent in Ptprq mutant mice [47]. Furthermore, it was reported that
a Doberman Pinscher with a PTPRQ mutation had congenital HL and vestibular dysfunc-
tion [48]. Vestibular dysfunction in patients with PTPRQ variants was also demonstrated
by video head impulse test (vHIT) [28]. However, other previous reports note that the
results of neurotological examinations in patients with PTPRQ-associated HL were within
the normal range [23,43]. Therefore, it remains unclear whether PTPRQ variants cause
vestibular dysfunction in humans. Further studies including comprehensive vestibular
assessments (caloric test, cervical vestibular evoked myogenic potential (c(VEMP), ocular
vestibular evoked myogenic potential (0VEMP) and vHIT) are required to estimate the role
of PTPRQ in vestibular function in humans. In addition, PTPRQ gene expression in the
human vestibule also remains unclear and further studies will be useful in estimating the
role of PTPRQ in human vestibular function.

5. Conclusions

In conclusion, we identified 17 PTPRQ variants by analyzing over 15,000 Japanese
patients with SNHL. Fifteen of the 17 variants were novel. The majority of variants
identified in this study were loss of function. In most cases, HL onset was congenital
or childhood. The hearing level at high frequency deteriorated earlier than that at low
frequency, with the severity of HL progressing from moderate to severe or profound. Based
on our results, there is a high likelihood that CI would be beneficial and is suggested
for the profound HL patients with PTPRQ-associated HL. Further research is required to
investigate the correlation between PTPRQ deficiency and its vestibular symptoms.

Author Contributions: Conceptualization, N.S., S.-y.N. and S.-i.U.; methodology, N.S., S.-y.N. and
S.-1.U,; resources, N.S,, S.-.G., YH., K.O. (Kiyoshi Oda), H.T., MK, KK, S.I, M.T, TIL, YA, YI. and
N.O.; software, S.-y.N.; validation, N.S. and S.-y.N.; data curation, N.S. and S.-y.N.; writing—original
draft preparation, N.S.; writing—review and editing, N.S., S.-y.N., T.M., K.O. (Kimihiro Okubo) and
S.-1.U,; visualization, N.S.; supervision, S.-i.U.; project administration, S.-i.U.; funding acquisition,
S.-i.U. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by a Health and Labor Sciences Research Grant for Research on
Rare and Intractable Diseases and Comprehensive Research on Disability Health and Welfare from
the Ministry of Health, Labor and Welfare of Japan (S.U. H29-Nanchitou(Nan)-Ippan-031, 20FC1048);
and Grants-in-Aid from the Japan Agency for Medical Research and Development (AMED) (S.U.
16kk0205010h0001, 17kk0205010h0002, 18kk0205010h0003, 16ek0109114h0002, 17ek0109114h0003,
18ek0109363h0001, 19ek0109363h0002, 20ek0109363h0003).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and was approved by the Institutional Ethics Committee of Shinshu
University School of Medicine (No. 387—4 September 2012, and No. 576—2 May 2017).

Informed Consent Statement: Informed consent was obtained from all patients (or from their next of
kin, caretaker, or legal guardian in the cases of minors or children).



Genes 2024, 15, 489 11 of 13

Data Availability Statement: The datasets used during the current study are available from the
corresponding author on reasonable request.

Acknowledgments: We thank Sachiko Matsuda and Fumiko Tomioka for their technical assistance
with this research.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Morton, C.C.; Nance, W.E. Newborn Hearing Screening—A Silent Revolution. N. Engl. |. Med. 2006, 354, 2151-2164. [CrossRef]
[PubMed]

2. Hereditary Hearing Loss Homepage. Available online: https:/ /hereditaryhearingloss.org/ (accessed on 30 June 2023).

3. The PTPRQ Gene Homepage—Global Variome Shared LOVD. Available online: https://databases.lovd.nl/shared /genes/PTPRQ
(accessed on 30 June 2023).

4. Salles, ET.; Andrade, L.R,; Tanda, S.; Grati, M.; Plona, K.L.; Gagnon, L.H.; Johnson, K.R.; Kachar, B.; Berryman, M.A. CLIC5
stabilizes membrane-actin filament linkages at the base of hair cell stereocilia in a molecular complex with radixin, taperin, and
myosin VI. Cytoskeleton 2014, 71, 61-78. [CrossRef] [PubMed]

5. Goodyear, R.J.; Legan, PK.; Wright, M.B.; Marcotti, W.; Oganesian, A.; Coats, S.A.; Booth, C.J.; Kros, C.J.; Seifert, R.A.; Bowen-Pope,
D.E; et al. A receptor-like inositol lipid phosphatase is required for the maturation of developing cochlear hair bundles. J. Neurosci.
2003, 23, 9208-9219. [CrossRef] [PubMed]

6.  Hirono, M.; Denis, C.S.; Richardson, G.P,; Gillespie, P.G. Hair cells require phosphatidylinositol 4,5-bisphosphate for mechanical
transduction and adaptation. Neuron 2004, 44, 309-320. [CrossRef]

7. Qin, Y;Ma, Y,; Zeng, Z.; Zhong, Z.; Qi, Y.; Liu, Y. Delayed progressive sensorineural hearing loss due to a novel compound
heterozygous PTPRQ mutation in a Chinese patient. J. Clin. Lab. Anal. 2023, 37, €24886. [CrossRef] [PubMed]

8. Nishio, S.Y.; Usami, S.I. Frequency of the STRC-CATSPER? deletion in STRC-associated hearing loss patients. Sci. Rep. 2022, 12,
634. [CrossRef] [PubMed]

9.  Mazzoli, M.; Camp, G.V.; Newton, V.; Giarbini, N.; Declau, F,; Parving, A. Recommendations for the Description of Genetic and
Audiological Data for Families with Nonsyndromic Hereditary Hearing Impairment. Audiol. Med. 2003, 1, 148-150.

10. Maekawa, K.; Nishio, S.; Abe, S.; Goto, S.I.; Honkura, Y.; Iwasaki, S.; Kanda, Y.; Kobayashi, Y.; Oka, S.; Okami, M.; et al. Mutational
Spectrum and Clinical Features of Patients with LOXHD1 Variants Identified in an 8074 Hearing Loss Patient Cohort. Genes 2019,
10, 735. [CrossRef] [PubMed]

11. 1000 Genome Project. Available online: https://www.internationalgenome.org/1000-genomes-summary/ (accessed on 7
October 2021).

12.  Genome Aggregation Database. Available online: https://gnomad.broadinstitute.org (accessed on 6 December 2019).

13. The Human Genetic Variation Database. Available online: https://www.hgvd.genome.med.kyoto-u.ac.jp (accessed on 15
November 2015).

14. ToMMo 38KJPN-Integrative Japanese Genome Variation Database. Available online: https://jmorp.megabank.tohoku.ac.jp/
(accessed on 29 September 2022).

15. Wang, K; Li, M.; Hakonarson, H. ANNOVAR: Functional annotation of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 2010, 38, e164. [CrossRef]

16. Kumar, P.; Henikoff, S.; Ng, P.C. Predicting the effects of coding non-synonymous variants on protein function using the SIFT
algorithm. Nat. Protoc. 2009, 4, 1073-1081. [CrossRef]

17.  Adzhubei, L A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P; Kondrashov, A.S.; Sunyaev, S.R. A method and
server for predicting damaging missense mutations. Nat. Methods 2010, 7, 248-249. [CrossRef] [PubMed]

18. Schwarz, ].M.; Rodelsperger, C.; Schuelke, M.; Seelow, D. MutationTaster evaluates disease-causing potential of sequence
alterations. Nat. Methods 2010, 7, 575-576. [CrossRef] [PubMed]

19. Reva, B.; Antipin, Y.; Sander, C. Predicting the functional impact of protein mutations: Application to cancer genomics. Nucleic
Acids Res. 2011, 39, e118. [CrossRef] [PubMed]

20. Shihab, H.A.; Gough, ].; Cooper, D.N.; Stenson, P.D.; Barker, G.L.; Edwards, KJ.; Day, LN.M.; Gaunt, T.R. Predicting the functional,
molecular, and phenotypic consequences of amino acid substitutions using hidden Markov models. Hum. Mutat. 2013, 34, 57-65.
[CrossRef] [PubMed]

21. Kircher, M.; Witten, D.M,; Jain, P.; O'Roak, B.J.; Cooper, G.M.; Shendure, J. A general framework for estimating the relative
pathogenicity of human genetic variants. Nat. Genet. 2014, 46, 310-315. [CrossRef] [PubMed]

22. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards

and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef] [PubMed]


https://doi.org/10.1056/NEJMra050700
https://www.ncbi.nlm.nih.gov/pubmed/16707752
https://hereditaryhearingloss.org/
https://databases.lovd.nl/shared/genes/PTPRQ
https://doi.org/10.1002/cm.21159
https://www.ncbi.nlm.nih.gov/pubmed/24285636
https://doi.org/10.1523/JNEUROSCI.23-27-09208.2003
https://www.ncbi.nlm.nih.gov/pubmed/14534255
https://doi.org/10.1016/j.neuron.2004.09.020
https://doi.org/10.1002/jcla.24886
https://www.ncbi.nlm.nih.gov/pubmed/37106574
https://doi.org/10.1038/s41598-021-04688-5
https://www.ncbi.nlm.nih.gov/pubmed/35022556
https://doi.org/10.3390/genes10100735
https://www.ncbi.nlm.nih.gov/pubmed/31547530
https://www.internationalgenome.org/1000-genomes-summary/
https://gnomad.broadinstitute.org
https://www.hgvd.genome.med.kyoto-u.ac.jp
https://jmorp.megabank.tohoku.ac.jp/
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1038/nprot.2009.86
https://doi.org/10.1038/nmeth0410-248
https://www.ncbi.nlm.nih.gov/pubmed/20354512
https://doi.org/10.1038/nmeth0810-575
https://www.ncbi.nlm.nih.gov/pubmed/20676075
https://doi.org/10.1093/nar/gkr407
https://www.ncbi.nlm.nih.gov/pubmed/21727090
https://doi.org/10.1002/humu.22225
https://www.ncbi.nlm.nih.gov/pubmed/23033316
https://doi.org/10.1038/ng.2892
https://www.ncbi.nlm.nih.gov/pubmed/24487276
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868

Genes 2024, 15, 489 12 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Eisenberger, T.; Di Donato, N.; Decker, C.; Delle Vedove, A.; Neuhaus, C.; Niirnberg, G.; Toliat, M.; Niirnberg, P.; Miirbe, D.;
Bolz, HJ. A C-terminal nonsense mutation links PTPRQ with autosomal-dominant hearing loss, DFNA73. Genet. Med. 2018, 20,
614-621. [CrossRef] [PubMed]

Sakuma, N.; Moteki, H.; Azaiez, H.; Booth, K.T.; Takahashi, M.; Arai, Y.; Shearer, A.E.; Sloan, C.M.; Nishio, S.Y.; Kolbe, D.L.; et al.
Novel PTPRQ mutations identified in three congenital hearing loss patients with various types of hearing loss. Ann. Otol. Rhinol.
Laryngol. 2015, 124 (Suppl. S1), 1845-192S. [CrossRef] [PubMed]

Yang, T.; Wei, X.; Chai, Y.; Li, L.; Wu, H. Genetic etiology study of the non-syndromic deafness in Chinese Hans by targeted
next-generation sequencing. Orphanet ]. Rare Dis. 2013, 8, 85. [CrossRef]

Sloan-Heggen, C.M.; Bierer, A.O.; Shearer, A.E.; Kolbe, D.L.; Nishimura, C.J.; Frees, K.L.; Ephraim, S.S.; Shibata, S.B.; Booth, K.T.;
Campbell, C.A; et al. Comprehensive genetic testing in the clinical evaluation of 1119 patients with hearing loss. Hum. Genet.
2016, 135, 441-450. [CrossRef]

Abu Rayyan, A.; Kamal, L.; Casadei, S.; Brownstein, Z.; Zahdeh, F,; Shahin, H.; Canavati, C.; Dweik, D.; Jaraysa, T.; Rabie, G.; et al.
Genomic analysis of inherited hearing loss in the Palestinian population. Proc. Natl. Acad. Sci. USA 2020, 117, 20070-20076.
[CrossRef] [PubMed]

Vanniya, S.P; Chandru, J.; Jeffrey, ].M.; Rabinowitz, T.; Brownstein, Z.; Krishnamoorthy, M.; Avraham, K.B.; Shomron, N.;
Srikumari Srisailapathy, C.R. PNPT1, MYO15A, PTPRQ, and SLC12A2-associated genetic and phenotypic heterogeneity among
hearing impaired assortative mating families in southern India. Ann. Hum. Genet. 2022, 86, 1-13. [CrossRef]

Shahin, H.; Rahil, M.; Abu Rayan, A.; Avraham, K.B.; King, M.C.; Kanaan, M.; Walsh, T. Nonsense mutation of the stereociliar
membrane protein gene PTPRQ in human hearing loss DFNB84. ]. Med. Genet. 2010, 47, 643-645. [CrossRef] [PubMed]
Ammar-Khodja, F.; Bonnet, C.; Dahmani, M.; Ouhab, S.; Lefévre, G.M.; Ibrahim, H.; Hardelin, J.P.; Weil, D.; Louha, M.; Petit, C.
Diversity of the causal genes in hearing impaired Algerian individuals identified by whole exome sequencing. Mol. Genet. Genom.
Med. 2015, 3, 189-196. [CrossRef] [PubMed]

Richard, E.M.; Santos-Cortez, R.L.P.; Faridi, R.; Rehman, A.U.; Lee, K.; Shahzad, M.; Acharya, A.; Khan, A.A; Imtiaz, A,;
Chakchouk, I; et al. Global genetic insight contributed by consanguineous Pakistani families segregating hearing loss. Hum.
Mutat. 2019, 40, 53-72. [CrossRef] [PubMed]

Boucher, S.; Tai, EW.]J.; Delmaghani, S.; Lelli, A.; Singh-Estivalet, A.; Dupont, T.; Niasme-Grare, M.; Michel, V.; Wolff, N.; Bahloul,
A.; et al. Ultrarare heterozygous pathogenic variants of genes causing dominant forms of early-onset deafness underlie severe
presbycusis. Proc. Natl. Acad. Sci. USA 2020, 117, 31278-31289. [CrossRef] [PubMed]

Yang, G.; Yin, Y,; Tan, Z; Liu, J.; Deng, X.; Yang, Y. Whole-exome sequencing identified a novel heterozygous mutation of SALL1
and a new homozygous mutation of PTPRQ in a Chinese family with Townes-brocks syndrome and hearing loss. BMC Med.
Genom. 2021, 14, 24. [CrossRef] [PubMed]

Chen, P; Wang, L.; Chai, Y.; Wu, H.; Yang, T. Detection and functional verification of noncanonical splice site mutations in
hereditary deafness. Front. Genet. 2021, 12, 773922. [CrossRef] [PubMed]

Sang, S.; Ling, J.; Liu, X.; Mei, L.; Cai, X,; Li, T.; Li, W,; Li, M.; Wen, ] ; Liu, X.; et al. Proband whole-exome sequencing identified
genes responsible for autosomal recessive nonsyndromic hearing loss in 33 Chinese nuclear families. Front. Genet. 2019, 10, 639.
[CrossRef]

Schraders, M.; Oostrik, J.; Huygen, P.L.; Strom, T.M.; Wijk, E.; Kunst, H.P,; Hoefsloot, L.H.; Cremers, C.W.; Admiraal, R.J.; Hannie
Kremer, H. Mutations in PTPRQ are a cause of autosomal-recessive non-syndromic hearing impairment DFNB84 and associated
with vestibular dysfunction. Am. J. Hum. Genet. 2010, 86, 604—610. [CrossRef]

Gao, X.; Su, Y.; Chen, Y.L.; Han, M.Y,; Yuan, Y.Y; Xu, ].C.; Xin, F; Zhang, M.G.; Huang, S.S.; Wang, G.J.; et al. Identification of two
novel compound heterozygous PTPRQ mutations associated with autosomal recessive hearing loss in a Chinese family. PLoS
ONE 2015, 10, €0124757. [CrossRef] [PubMed]

Sang, Q.; Mei, H.; Kuermanhan, A.; Feng, R.; Guo, L.; Qu, R.; Xu, Y.; Li, H,; Jin, L.; He, L; et al. Identification of a novel compound
heterozygous mutation in PTPRQ in a DFNB84 family with prelingual sensorineural hearing impairment. Mol. Genet. Genom.
2015, 290, 1135-1139. [CrossRef] [PubMed]

Talebi, F.; Ghanbari Mardasi, F.,; Mohammadi Asl, J.; Tizno, S.; Najafvand, Z.M. Identification of novel PTPRQ and MYO1A
mutations in an Iranian pedigree with autosomal recessive hearing loss. Cell J. 2018, 20, 127-131. [PubMed]

Wu, X,; Wang, S.; Chen, S.; Wen, Y.Y,; Liu, B.; Xie, W,; Li, D.; Liu, L.; Huang, X.; Sun, Y.; et al. Autosomal recessive congenital
sensorineural hearing loss due to a novel compound heterozygous PTPRQ mutation in a Chinese family. Neural Plast. 2018, 2018,
9425725. [CrossRef] [PubMed]

Mahmood, U.; Bukhari, S.A.; Ali, M.; Ahmed, Z.M.; Riazuddin, S.; IdentificatioGuevar, J.; Olby, N.J.; Meurs, K.M.; Yost, O.;
Friedenberg, S.G. Deafness and vestibular dysfunction in a Doberman Pinscher puppy associated with a mutation in the PTPRQ
gene. J. Vet. Intern. Med. 2018, 32, 665-669.

Mahmood, U.; Bukhari, S.A.; Ali, M.; Ahmed, Z.M.; Riazuddin, S. Identification of hearing loss-associated variants of PTPRQ,
MYO15A, and SERPINBG6 in Pakistani families. BioMed Res. Int. 2021, 2021, 5584788.

Jin, Y,; Liu, X.Z.; Xie, L.; Xie, W.; Chen, S.; Sun, Y. Targeted next-generation sequencing identified novel compound heterozygous
variants in the PTPRQ gene causing autosomal recessive hearing loss in a Chinese family. Front. Genet. 2022, 13, 884522. [CrossRef]
[PubMed]


https://doi.org/10.1038/gim.2017.155
https://www.ncbi.nlm.nih.gov/pubmed/29309402
https://doi.org/10.1177/0003489415575041
https://www.ncbi.nlm.nih.gov/pubmed/25788564
https://doi.org/10.1186/1750-1172-8-85
https://doi.org/10.1007/s00439-016-1648-8
https://doi.org/10.1073/pnas.2009628117
https://www.ncbi.nlm.nih.gov/pubmed/32747562
https://doi.org/10.1111/ahg.12442
https://doi.org/10.1136/jmg.2009.075697
https://www.ncbi.nlm.nih.gov/pubmed/20472657
https://doi.org/10.1002/mgg3.131
https://www.ncbi.nlm.nih.gov/pubmed/26029705
https://doi.org/10.1002/humu.23666
https://www.ncbi.nlm.nih.gov/pubmed/30303587
https://doi.org/10.1073/pnas.2010782117
https://www.ncbi.nlm.nih.gov/pubmed/33229591
https://doi.org/10.1186/s12920-021-00871-9
https://www.ncbi.nlm.nih.gov/pubmed/33478437
https://doi.org/10.3389/fgene.2021.773922
https://www.ncbi.nlm.nih.gov/pubmed/34956325
https://doi.org/10.3389/fgene.2019.00639
https://doi.org/10.1016/j.ajhg.2010.02.015
https://doi.org/10.1371/journal.pone.0137883
https://www.ncbi.nlm.nih.gov/pubmed/26425852
https://doi.org/10.1007/s00438-014-0979-1
https://www.ncbi.nlm.nih.gov/pubmed/25557914
https://www.ncbi.nlm.nih.gov/pubmed/29308629
https://doi.org/10.1155/2018/9425725
https://www.ncbi.nlm.nih.gov/pubmed/29849575
https://doi.org/10.3389/fgene.2022.884522
https://www.ncbi.nlm.nih.gov/pubmed/35899188

Genes 2024, 15, 489 13 of 13

44.

45.

46.

47.

48.

Ozieblo, D.; Sarosiak, A.; Leja, M.L.; Budde, B.S.; Tacikowska, G.; Donato, N.D.; Bolz, H.J.; Niirnberg, P.; Skarzyriski, H.; Otdak, M.
First confirmatory study on PTPRQ as an autosomal dominant non-syndromic hearing loss gene. J. Transl. Med. 2019, 17, 351.
[CrossRef] [PubMed]

Nishio, S.Y.; Tono, T.; Iwaki, T.; Moteki, H.; Suzuki, K.; Tsushima, Y.; Kashio, A.; Akamatsu, Y.; Sato, H.; Yaegashi, K.; et al.
Development and validation of an iPad-based Japanese language monosyllable speech perception test (iCI2004 monosyllable).
Acta Otolaryngol. 2021, 141, 267-272. [CrossRef]

Usami, S.I.; Nishio, S.Y.; Moteki, H.; Miyagawa, M.; Yoshimura, H. Cochlear Implantation From the Perspective of Genetic
Background. Anat. Rec. 2020, 303, 563-593. [CrossRef]

Nishio, S.Y.; Moteki, H.; Miyagawa, M.; Yamasoba, T.; Kashio, A.; Iwasaki, S.; Takahashi, M.; Naito, Y.; Fujiwara, K.; Sug-
aya, A.; et al. Etiology of hearing loss affects auditory skill development and vocabulary development in pediatric cochlear
implantation cases. Acta Otolaryngol. 2022, 142, 308-315. [CrossRef] [PubMed]

Goodyear, R.].; Jones, S.M.; Sharifi, L.; Forge, A.; Richardson, G.P. Hair bundle defects and loss of function in the vestibular end
organs of mice lacking the receptor-like inositol lipid phosphatase. PTPRQ ]. Neurosci. 2012, 32, 2762-2772. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12967-019-2099-5
https://www.ncbi.nlm.nih.gov/pubmed/31655630
https://doi.org/10.1080/00016489.2020.1853229
https://doi.org/10.1002/ar.24360
https://doi.org/10.1080/00016489.2022.2065027
https://www.ncbi.nlm.nih.gov/pubmed/35481391
https://doi.org/10.1523/JNEUROSCI.3635-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22357859

	Introduction 
	Materials and Methods 
	Subjects 
	Clinical Evaluations 
	Genetic Analysis 

	Results 
	Identified Variations 
	Clinical Features of Patients and Outcomes of Hearing Devices 

	Discussion 
	Conclusions 
	References

