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1 | INTRODUCTION

Hearing loss (HL) is one of the most common disabilities
that can seriously affect human recognition and communica-
tion. HL affects nearly 1-3 in 1000 infants (Morton & Nance,
2006). In China, there are ~0.8 million HL children whose
age less than 7 years, and this number increases at a rate of
30,000 cases annually (Zhang et al., 2013).

Sensorineural HL with enlarged vestibular aqueduct (EVA)
is the second common in children, and the EVA is the com-
monest malformation of the inner ear in children (Wemeau
& Kopp, 2017). To date, three genes SLC26A4 (OMIM:
605646), FOXI1 (OMIM: 601093; Yang et al., 2007), and
KCNJ10 (OMIM: 602208; Yang et al., 2009) have been asso-
ciated with EVA; yet some studies have raised questions re-
garding the involvement of the last two genes in EVA. Landa
et al. tested mutations in KCNJ10 and FOXI]I for sixty-eight
patients with monoallelic mutations of SLC26A4 and found
no evidence for a significant association between mutations
of KCNJI0 and FOXII with SLC26A4 (Priya Landa et al.,
2013). Zhao et al. (2014) also showed that KCNJI10 might
not be a contributor to non-syndromic EVA in the Chinese
population.

Mutations in the SLC26A4 gene lead to Pendred syndrome
(OMIM: 274600) or deafness, autosomal recessive 4, with EVA
(OMIM: 600791). Moreover, SLC26A4 is the second most fre-
quent gene in the Chinese population suffering from HL, which
accounts for 5%—14% of the patients with NSHL (Yuan et al.,
2009; Zhou et al., 2019). The SLC26A4 gene has 21 exons and
encodes Pendrin, a multiple transmembrane protein containing
780 amino acids. Pendrin is expressed in the inner ear, thyroid
gland, and kidney and can mediate the transport of C17, 1", OH™,
HCO; and other anions (Royaux et al., 2001). So far, a total of
608 mutations of the SLC26A4 gene have been reported (UniProt,
ClinVar, VarSome & PubMed), including missense, nonsense,
frameshift, in-frame indel, start loss, splicing, synonymous and
non-coding, with missense variants being the most common
type (339 variants, https://varsome.com/gene/SLC26A4). The
mutation spectrum varies in different regions and races; for ex-
ample, in East Asia ¢.919-2A>G and c.2168A>G are the most

none variant, resulting in a diagnostic rate of 95.54%. A total of 49 different variants
were detected in those patients and we classified 30 rare variants as pathogenic/likely
pathogenic, of which 13 were not included in the Clinvar database.

Conclusion: Our diagnostic panel has an increased diagnostic yield with less cost,
and the curated list of pathogenic variants in the SLC26A4 gene can be directly used

to aid the genetic counseling to patients.
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common variants (Park et al., 2005; Tsukamoto et al., 2003;
Wang et al., 2007), whereas in Caucasians the most frequent
variant is ¢.1001+1G >A (Colleen Campbell et al., 2001).

Sanger sequencing is the traditional approach for EVA
diagnosis. Nevertheless, this technique is time-consuming
and costly, which limits its clinical application. Population-
specific diagnostic panels have been designed to screen
hotspot mutations of SLC26A4 (Yan et al., 2017; Yuan et al.,
2012). These methods can only be used to diagnose some
of the patients with HL; for many patients only one or no
mutation is detected. Recent application of next-generation
sequencing (NGS) has proven to be powerful in identifying
pathogenic mutations in EVA patients (Lin et al., 2019; Liu,
Wang, et al., 2016; Liu et al., 2020). Multiplex PCR can si-
multaneously amplify multiple regions in the same reaction
tube, thus significantly saving time and reagents, and provid-
ing more accurate diagnostic information (Lin et al., 2012).
Using multiplex PCR and NGS technology to sequence tar-
get regions of associated EVA genes (SLC26A4, FOXI1, and
KCNJ10), biallelic variants were detected in 59% (27/46) of
cases (Liu, Wang, et al., 2016). Yet, the sample size of the
study was small; therefore, the diagnostic rate of sequencing
the whole SLC26A4 gene may be inaccurate.

Herein, we designed a new molecular diagnosis panel for
EVA on the basis of multiplex PCR enrichment and NGS of
the exon and flanking regions of SLC26A4. We recruited 112
families with EVA patients from Henan Province to investi-
gate the detection rate of SLC26A4 whole-gene sequencing in
EVA patients. This genetic diagnostic panel has the power to
explore the etiologies of EVA and can be extended to clinical
practices (Figure 1).

2 | MATERIALS AND METHODS
2.1 | Subject recruitment and clinical
evaluation

In this study, 112 hearing loss families with EVA were from
Henan Province enrolled at the Department of Otology, the
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The Deafness Gene Variant Detection Array Kit (CapitalBio)
was used to identify 8 variants in SLC26A4 gene, including ¢.919-2A>G,
¢.2168A>G, ¢.1226G>A, ¢.1174A>T, ¢.1229C>T, ¢.1975G>C, ¢.2027T>A,
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affiliated hospitals of Zhengzhou University between 2018
and 2019. All subjects underwent comprehensive clinical
evaluations to ensure the EVA diagnosis and rule out other
diseases, which could result in HL, such as otitis media or syn-
dromic HL. Physical examinations included thyroid sonogra-
phy, functional thyroid tests, a high-resolution CT scan of the
temporal bone, and optional magnetic resonance hydrogra-
phy (MRH) examination of the inner ear. Detailed audiologi-
cal examinations were performed in all patients. Otoscopic
examination, tympanometry, distortion product otoacous-
tic emission (DPOAE), and auditory steady-state response
(ASSR), auditory brainstem response (ABR), and pure-tone
audiometry were executed based on the patient's age and de-
gree of coordination. According to the criteria of EVA, the
temporal bone CT scan of the patients showed bilateral EVA
with the width of the vestibular aqueduct greater than 1.5 mm
(Hwang et al., 2015). Patients’ audiological data were as-
sessed based on the HL criteria established by the European
Working Group on Genetics of Hearing Impairment and HL
degree averaged over 0.5, 1, 2, and 4 kHz was classified into
four tiers: mild (2040 dB HL), moderate (41-70 dB HL),
severe (71-95 dB HL), and profound (>95 dB HL).

Before being enrolled in this study, all patients were ge-
netically tested using the Deafness Gene Variant Detection
Array Kit (CapitalBio). The test kit covers 15 hotspot mu-
tations of four genes, of which eight are hotspot mutations
of the SLC26A4 gene, including ¢.919-2A>G, c.2168A>G,

v

Selected 33 families with parental samples
from the 53 families

Diagnostic yield
48/53=90.57%

Y

We interpreted the rare variants identified in the
SLC26A4 gene according to the ACMG guidelines

c.1226G>A, c.1174A>T, c¢.1229C>T, ¢.1975G>C,
c.2027T>A, and c.1707+5G>A. With the help of this kit,
confirmative genetic diagnosis was achieved in 59 (52.68%)
of the 112 families. To verify the accuracy of our panel and to
diagnose the other 53 families, we performed multiplex PCR
enrichment and NGS in all 112 EVA families.

2.2 | DNA extraction, multiplex PCR
enrichment, and sequencing

A minimum of 2 mL of peripheral blood was obtained from
the patients and their parents. The whole blood genomic DNA
extraction kit (GenMagBio) was used to extract genomic
DNA. NanoDrop One (Thermo Fisher Scientific) was used to
measure DNA concentration and purity. The extracted DNA
was controlled for quality by 1% agarose gel electrophoresis.

After purity and quality checking, multiplex PCR enrich-
ment was performed to amplify the exonic regions and the
flanking region of the SLC26A4 gene following the optimal
reaction conditions developed in this study. A total of 22
pairs of primers were designed, synthesized, and assigned
into two reaction pools, the primers displayed in Table S1.
The first target amplification was carried out with the follow-
ing cycling program: 99°C for 2 min, 23 cycles of 99°C for
15 s and 60°C for 4 min, then 72°C for 10 min. In the second
round of amplification, the two multiplex PCR products from
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the first round were mixed and then amplified using a pair of
universal primers with index sequences to distinguish differ-
ent samples. The cycling program for the second round was
as follows: 95°C for 3 min, 4 cycles of 98°C for 20 s, 60°C
for 15 s, 72°C for 30 s, then 72°C for 5 min. The resulting
libraries were sequenced on an Illumina MiniSeq sequencer
(Illumina Inc.) with the paired-end of 150 bp.

2.3 | Bioinformatics analysis and variant
interpretation

Sequencing reads were aligned to GRCh37 using the
Burrows-Wheeler Aligner (BWA; version 0.7.17-r1188);
Single nucleotide variants (SNVs) and short Indels call-
ing were identified using GATK Haplotype Caller soft-
ware (version 4.1.2; McKenna et al., 2010). The obtained
VCEF files were annotated using Vcfanno software (version
0.3.1; Pedersen et al., 2016) with external database, includ-
ing Clinvar (Landrum et al., 2018), 1000 Genomes Project
(Genomes Project et al., 2015), gnomAD (Karczewski et al.,
2020), ExAC (Lek et al., 2016), and dbNSFP (Liu et al.,
2016). According to the information of population frequency
and inherited pattern (Paila et al., 2013), the variants were fil-
tered, and the selected variants were interpreted by clinicians
and genetic consultants based on the standard and guidelines
of genetic variation interpretation of ACMG (Richards et al.,
2015) and the ClinGen hearing loss expert group's recom-
mendation on variant interpretation (Oza et al., 2018). The
variant nomenclature was based on the SLC26A4 canonical
transcript NM_000441.2.

2.4 | Sanger sequencing

Sanger sequencing was used to verify the variants in the
proband and parents revealed by our panel. NCBI Primer-last
software was used to design the primers, which were syn-
thesized by Sunya Biotechnology Co., Ltd. Sequencing was
done by SeqStudio Genetic Analyzer (Applied Biosystems/
Life Technologies) after PCR product purification, the re-
sults were visualized by Chromas software.

3 | RESULTS

3.1 | Clinical features of the EVA patients

In this study, 117 patients from 112 families met the diagnos-
tic criteria for EVA. There were 70 males and 47 females; the
average age was 7.1 years, ranging from 6 months to 33 years
old. The average onset age was 2.4 years, ranging from 0 to
20 years old. In our cohort, the degree of HL. was mild to

TABLE 1 Clinical features of the 112 EVA families

Number of patients

Demographics (%), n =117
Gender
Male 70 (59.83%)
Female 47 (40.17%)

Test age (years)

<10 91 (77.78%)

>10 26 (22.22%)
Onset age (years)

0-2 84 (71.79%)

>2 33 (28.21%)
Degree of HL

Profound 51 (43.59%)

Severe 53 (45.30%)

Moderate 11 (9.40%)

Mild 2 (1.71%)
Evolution of HL

Stable 38 (32.48%)

36 (30.77%)
43 (36.75%)

Progressive

Fluctuating

profound in 51 (43.59%) patients, severe in 53 (45.30%) pa-
tients, moderate in 11 (9.40%) patients, and mild in 2 (1.71%)
patients. Of the 117 patients, 36 (30.77%) patients showed
progressive HL, 38 (32.48%) patients were stable, and 43
(36.75%) patients were fluctuating (Table 1).

3.2 | Genetic examination of SLC26A4 by
multiplex PCR combined with NGS

In this study, we designed a diagnostic assay for EVA pa-
tients based on multiplex PCR target enrichment and NGS of
the SLC26A4 gene (Figure 2). The assays can simultaneously
be applied to as many as 96 samples and can be completed in
three days (one day for DNA extraction and PCR enrichment,
one day for sequencing, and one day for data analysis). For
each sample, an average of raw 10 Mbp was generated, with
more than 85% of bases having a Phred quality score Q > 30
(Q30). The quality control standards for each sample were
as follows: 99% of the clean reads can map to the human
genome (GRCh37), and the average sequencing depth of tar-
get regions was 1000X, with 100% of target regions having
coverage greater than 200X.

Among 112 families, 59 families were previously (before
enrolling in this study) diagnosed with EVA using CapitalBio
Deafness Gene Variant Detection Array Kit. These patients
were re-tested for EVA in this study and our results are con-
sistent with theirs. Among the undiagnosed 53 families, 43
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(37.72%) carried monoallelic variants, and 10 (8.77%) had
none hotspot variants of the SLC26A4 gene. After screen-
ing, genetic diagnosis was achieved for 48 (90.57%) of 53
families. Of the five undiagnosed families, 4 (7.55%) car-
ried monoallelic variants and 1 (1.89%) had no variant of
SLC26A4. In total, this NGS panel yielded a diagnostic rate
of 95.54% (107/112 families; Table 2). Sanger sequencing
was used to verify the 41 mutations (excluding eight hotspot
mutations), and the results (Supplemental File 1) were con-
sistent with NGS, indicating that our panel is accurate and
reliable. Of the 107 families with a purported genetic diagno-
sis, mutations in 26 families (24.3%) were confirmed in one
or none of the parents, which needs further analysis (Table 2).

Of the 48 families with achieved genetic diagnosis by our
panel, 33 families, which included both parental samples,
were selected and enrolled for interpreting the genetic vari-
ants identified in the SLC26A4 gene. The 33 families were
found to have one allele or none of the common SLC26A4
mutations, including ¢.919-2A>G, c.2168A>G, c.1226G>A,
c.1174A>T, c.1229C>T, ¢.1975G>C, ¢.2027T>A, and
¢.1707+5G>A covered by CapitalBio Deafness Gene Variant
Detection Array Kit (CapitalBio). Our assay further identi-
fied a second (27 families) or two rare mutations (6 families)
in 33 families (Table S2). A total of 30 rare mutations were
found, including 17 missense mutations, 4 nonsense muta-
tions, 4 duplications, 3 deletions, and 2 splicing mutations,
one of which is a novel mutation (NM_000441.2:¢c.2162C>A,
p.Thr721Lys).

3.3 | Interpretation of genetic variation

We interpreted the genetic variants identified in the SLC26A4
gene according to the standards and guidelines for interpret-
ing genetic variants proposed by the ACMG and the ClinGen
hearing loss expert group's recommendation on variant
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interpretation. The guidelines classified variants relevant to
Mendelian diseases into a five-tier system: ‘“Pathogenic,”
“Likely Pathogenic,” “Variants of Uncertain Significance,”
“Likely Benign,” and “Benign.” Based on those stand-
ards, we classified 26 of 30 variants as “Pathogenic,” three
as “Likely Pathogenic” and one as “Variants of Uncertain
Significance.” The ACMG classification details and the in-
formation on whether the variants were reported in ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/, last accessed May 2,
2020) and Deafness Variation Database (DVD, http://deafn
essvariation-database.org, last accessed May. 2, 2020) or not,
are summarized in Table 3.

In this study, we also identified a novel mutation of
SLC26A4 (NM_000441.2: ¢.2162C>A, p.Thr721Lys), which
has not been reported in the Deafness Variation Database,
1000 Genomes Project database, the Human Gene Mutation
Database, and the gnomAD database. It is a missense mu-
tation, located in a highly conserved region among mam-
mals. Interestingly, at the same codon, a pathogenic mutation
(c.2162C>T, p.Thr721Met) has been reported, which im-
pairs the protein function of SLC26A4 (Ishihara et al., 2010).
We interpreted this novel mutation as “Likely Pathogenic”
according to the ACMG guidelines (Table 3).

4 | DISCUSSION

In this study, SLC26A4 mutation analysis was performed
in 112 hearing loss families with EVA. The first-pass
screening was performed by CapitalBio Deafness Gene
Variant Detection Array Kit (CapitalBio), including eight
hotspots of the SLC26A4 gene, c.919-2A>G, ¢.2168A>G,
c.1226G>A, «c.1174A>T, ¢.1229C>T, <¢.1975G>C,
¢.2027T>A, and c.1707+5G>A. Confirmed genetic diag-
noses were achieved in 59 (52.68%) of the 112 families.
We performed multiplex PCR enrichment and NGS in all


https://www.ncbi.nlm.nih.gov/clinvar/
http://deafnessvariation-database.org
http://deafnessvariation-database.org

6of 16 | Wl LEy_Molecular Genetics & Genomic TIANET AL.
TABLE 2 Pathogenic variants of the 117 patients from 112 EVA families
SLC26A4 genotype R SLC26A4 genotype R

GT no Allele 1 Allele 2 patients®”’ GTno. Allele 1 Allele 2 patients®”’®
1 c.919-2A>G c.919-2A>G 19/2/2 32 c.919-2A>G c.754T>C 1/0/0
2 c.919-2A>G c.2168A>G 8/2/1 33 c.919-2A>G c.916dup 0/1/0
3 c.919-2A>G ¢.1229C>T 4/1/0 34 c.919-2A>G ¢.946G>T 1/0/0
4 c.919-2A>G c.1226G>A 3/1/0 35 c.1174A>T ¢.87G>C 1/0/0
5 c.919-2A>G c.1975G>C 2/1/1 36 c.1174A>T c.2027T>A 0/1/0
6 c.919-2A>G c.2027T>A 3/0/1 37 c.1226G>A c.1336C>T 1/0/0
7 c.919-2A>G c.1174A>T 3/0/0 38 c.1226G>A wt 1/0/0
8 c.919-2A>G c.317C>A 3/0/0 39 c.1226G>A ¢.946G>T 1/0/0
9 c.919-2A>G c.589G>A 3/0/0 40 c.1226G>A c.2027T>A 1/0/0
10 c.919-2A>G ¢.1299dup 2/0/0 41 ¢.1229C>T c.1707+5G>A  1/0/0
11 c.919-2A>G c.1318A>T 2/0/0 42 ¢.1229C>T c.439A>G 1/0/0
12 c.919-2A>G c.439A>G 2/0/0 43 ¢.1229C>T ¢.1975G>C 1/0/0
13 ¢.916dup c.1656T>G 2/0/0 44 c.1264-12T>A c.1547dup 1/0/0
14 c.919-2A>G wt 1/1/0 45 ¢.1264-6T>G wt 0/0/1
15 c.2168A>G c.2168A>G 1/0/0 46 c.1343C>T c.1336C>T 1/0/0
16 c.1174A>T c.1174A>T 1/0/0 47 c.1586T>G c.1786C>T 1/0/0
17 c.279T>A c.279T>A 0/1/0 48 c.1707+5G>A c.1336C>T 1/0/0
18 c.919-2A>G c.109G>T 1/0/0 49 ¢c.1975G>C c.1746del 1/0/0
19 c.919-2A>G c.1343C>A 0/0/1 50 c.2168A>G c.589G>A 0/1/0
20 c.919-2A>G c.1708G>A 0/1/0 51 c.2168A>G c.349del 1/0/0
21 ¢c.919-2A>G c.1803+1G>A 0/1/0 52 c.2168A>G c.1318A>T 0/1/0
22 ¢.919-2A>G c.1985G>A 0/1/0 53 c.2168A>G c.846T>A 0/0/1
23 c.919-2A>G c.1991C>T 1/0/0 54 c.2168A>G c.1174A>T 1/0/0
24 c.919-2A>G ¢.2000T>C 1/0/0 55 c.2168A>G c.387del 1/0/0
25 c.919-2A>G c.2014G>A 0/1/0 56 c.2168A>G ¢.1975G>C 1/0/0
26 c.919-2A>G c.2162C>A 1/0/0 57 c.249G>A c.1371C>A 0/0/1
27 c.919-2A>G ¢.2167C>G 1/0/0 58 c.281C>T c.1173C>A 1/0/0
28 c.919-2A>G ¢.2174_2177dup  1/0/0 59 c.697G>C c.1667A>G 1/0/0
29 c.919-2A>G c.227C>T 0/0/1 60 ¢.946G>T ¢.1229C>T 0/1/0
30 c.919-2A>G c.281C>T 1/0/0 61 wt wt 0/1/0
31 c.919-2A>G c.415+2T>C 1/0/0

Note: Variants are based on SLC26A4 canonical transcript NM_000441.2.

Abbreviations: a,b,c, number of patients with mutations confirmed in both, one, or none of the parental samples; GT no., genotype number; No. of patients, Number of

patients with this genotype; wt, wild-type.

112 families to verify the accuracy of our panel and to fur-
ther analyze SLC26A4 mutations. Our results showed that
48 (90.57%) out of 53 families carried biallelic mutations of
the SLC26A4 gene, 4 (7.55%) carried monoallelic mutations
and one (1.89%) had no variant of the SLC26A4 gene. Of the
112 EVA families, 59/112 (52.68%) were diagnosed by hot-
spots screening, and 107/112 (95.54%) by multiplex PCR
enrichment and NGS. Our results suggested that compared
with hotspot mutations screening, multiplex PCR enrich-
ment and NGS significantly improved the diagnostic rate of
patients with EVA.

Besides increasing the diagnostic rate of EVA patients,
our test strategy (trio sequencing) and the following variant
interpretation improved the accuracy of variant pathogenicity
interpretation. To date, 608 mutations of the SLC26A4 gene
have been reported worldwide. There are many mutations
detected in EVA patients; yet, the mutations have not been
tested or verified in the parents. Given that the phase of these
mutations remained unknown, it is difficult to determine
whether the mutations caused HL in patients. Moreover,
the reported pathogenicity of the SLC26A4 gene mutations
in EVA patients has not been interpreted according to the
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TABLE 3 ACMG classification of rare variants in the SLC26A4 gene

No. Variants

1 ¢.87G>C
p.Glu29Asp

2 ¢.349del
Frameshift

3 c.589G>A
p.Gly197Arg

4 c.1586T>G
p-Ile529Ser

5 c.1786C>T
Stop-gain

6 c.317C>A
p-Alal06Asp

Patients

1

3,4,5

7,8-1,

Reference

Pang, Chai, Chen,
et al. (2015), Pang,
Chai, He, et al.
(2015), Wang et al.
(2007), Zhao et al.
(2014)

Liu, Wang, et al.
(2016), Zhao et al.
(2014)

Gao et al. (2016),
Huang et al.
(2011), Qi Li and
Yuan (2012), Zhao
et al. (2014)

Liu, Wang, et al.
(2016)

Campbell (2001)
8-2

Classification

ClinVar DVD? ACMG

NI P LP

P/LP P P

NI P P

ACMG criteria

PM2: Not found in gnomAD

PM3: Pathogenic mutation confirmed
in trans in one patient

PMS5: Another pathogenic missense
variant (c.85G>C, p.Glu29Gln) at
the same codon

PP4: Patient phenotype highly specific
for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2_Supporting: gnomAD
exome East Asian allele
frequency = 0.000461 <0.0007

PM3_Strong: Pathogenic mutation
confirmed in trans in one patient
and phase unknown in four patients

PP4: Patient's phenotype highly
specific for gene

PM2: gnomAD exome East Asian
allele frequency = 0.00005437
<0.00007

PM3_VreyStrong: Pathogenic mutation
confirmed in trans in one patient
and phase unknown in seventeen
patients

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

PM2: Not found in gnomAD
PM3_VreyStrong: Pathogenic mutation
phase unknown in eight patients

PP3: REVEL score >0.7
PP4: Patient's phenotype highly
specific for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2: Not found in gnomAD

PM3: Pathogenic mutation confirmed
in trans in one patient

PP4: Patient's phenotype highly
specific for gene

PM2: Not found in gnomAD

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in 3 patients and
phase unknown in two patients

PP1: Segregation in one affected
relative

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

(Continues)
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TABLE 3 (Continued)
Classification
No. Variants Patients Reference ClinVar DVD? ACMG
7 c.2167C>G 9 Yao et al. (2015), NI P P
p-His723Asp Yuan et al. (2009),
Zhao et al. (2014)
8 c.946G>T 10, 11 Gao et al. (2016), P P P
Stop-gain Huang (2011),
Zhao et al. (2014)
9 c.2174_2177 12 Chai et al. (2013), P P P
dup Yao, Li, et al.
Frameshift (2013)
10 c.281C>T 13 Zhao et al. (2014) P P P
p-Thr94lle
11 c.1318A>T 14, 15 (Zhao et al., 2014) P P P

Stop-gain

ACMG criteria

PM2: gnomAD genomes East Asian
allele frequency = 0.00005437
<0.00007

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in two patients
and phase unknown in four patients

PMS5: Another missense pathogenic
variant (c.2168A>G, p.His723Arg)
at the same codon

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2: Not found in gnomAD

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in two patients
and phase unknown in six patients

PP4: Patient's phenotype highly
specific for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2: gnomAD genomes East Asian
allele frequency = 0.000007959
<0.00007

PM3_Strong: Pathogenic mutation
confirmed in trans in one patient
and phase unknown in two patients

PP4: Patient's phenotype highly
specific for gene

PM2: gnomAD genomes East Asian
allele frequency = 0.00005437
<0.00007

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in two patients
and phase unknown in six patients

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2: Not found in gnomAD

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in two patients
and phase unknown in four patients

PP4: Patient's phenotype highly
specific for gene

(Continues)
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TABLE 3 (Continued)

No. Variants

12 ¢.916dup
Frameshift

13 c.1656T>G
p-Ser552Arg

14 c.2162C>A
p.-Thr721Lys

15 c.109G>T
Stop-gain

16 c.439A>G
p-Metl47Val

Patients Reference

16-1, Gao et al. (2016), Han
16-2 etal. (2017), Jiang
et al. (2015, 2017)

16-1, Chen et al. (2016)
16-2

17

18 Yuan et al. (2009),
Zhao et al. (2014)

19, 30-1, Hosoya et al. (2019),
30-2 Huang (2011),
Lee et al. (2015),
Tsukamoto et al.
(2003), Zhao et al.
(2014)

Classification

ClinVar DVD?
P/LP P

NI NI

NI NI

ACMG criteria

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2_Supporting: gnomAD East Asian
allele frequency = 0.0001631
<0.00007

PM3_Strong: Pathogenic mutation in
six patients phase unknown

PP1: Segregation in one affected
relative

PP4: Patient's phenotype highly
specific for gene

PM2: Not found in gnomAD

PM3_Strong: Pathogenic mutation
confirmed in trans in two patients
and phase unknown in one patient

PP1: Segregation in one affected
relative

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

PM2: Not found in gnomAD

PM3: Pathogenic mutation phase
known in one patient

PMS5: Another pathogenic missense
variant (c.2162C>T, p. Thr721Met)
at the same codon

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2: Not found in gnomAD

PM3_Strong: Pathogenic mutation
confirmed in trans in one patient
and phase unknown in two patients

PP4: Patient's phenotype highly
specific for gene

PP1: Segregation in one affected
relative

PM2_Supporting: gnomAD East Asian
allele frequency = 0.0001087
<0.00007

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in three patients
and phase unknown in six patients

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

(Continues)
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TABLE 3 (Continued)

No. Variants
17 ¢.387del
Frameshift

18 c.1336C>T
Stop-gain

19 c.1343C>T
p-Ser448Leu

20 ¢.2000T>C
p-Phe667Ser

21 c.1547dup
Frameshift

22 c.1264-
12T>A
aberrant
splicing

Classification

Patients Reference ClinVar

20 Wang et al. (2007), NI

Zhao et al. (2014)

21,22,23  Zhaoetal. (2014) P/LP
22 Gao et al. (2016), LP
Chen and Liu

(2014), Lai et al.
(2007), Liu, Wang,
et al. (2016), Liu,
Wu, et al. (2016),
Wu et al. (2008),

24 Chen et al. (2012), NI

Chen and Liu
(2014), Leilei
Zhao et al. (2018),
Liu, Wang, et al.
(2016), Zhao et al.
(2014)

25 Chen and Liu (2014), LP

Gao et al. (2016),
Liu, Wang,

et al. (2016),
Zhang et al. (2016)

25 Wu et al. (2016) NI

ACMG criteria

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2: Not found in gnomAD

PM3_Strong: Pathogenic mutation
confirmed in trans in one patient
and phase unknown in two patients

PP4: Patient's phenotype highly
specific for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2: gnomAD exome allele
frequency = 0.000007089
<0.00007

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in three patients
and phase unknown in six patients

PP4: Patient's phenotype highly
specific for gene

PM2_Supporting: gnomAD
genomes East Asian allele
frequency = 0.0001088 <0.00007

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in two patients
and phase unknown in 10 patients

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

PM2: Not found in gnomAD

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in three patients
and phase unknown in five patients

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2_Supporting: gnomAD East
Asian allele frequency = 0.000272
<0.00007

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in two patients
and phase unknown in five patients

PP4: Patient's phenotype highly
specific for gene

PM2: Not found in gnomAD

PM3_VeryStrong: Pathogenic
mutation confirmed in trans in
one patient and phase unknown in
seven patients

PP4: Patient's phenotype highly
specific for gene

(Continues)
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No. Variants

23 c.754T>C
p-Ser252Pro

24 c.415+2T>C
aberrant
splicing

25 c.1746del
Frameshift

26 c.1667A>G
p-Tyr556Cys

27 c.697G>C
p-Val233Leu

28 c.1173C>A
p-Ser391Arg

(Continued)

Patients

26

27

28

29

29

31

Reference

Duan et al. (2017),
Liu, Wang, et al.
(2016)

Zhao et al. (2014)

Wang et al. (2007),
Yao, Chen, et al.
(2013), Yao, Li,
et al. (2013), Zhao
etal. (2014)

Lopez-Bigas et al.
(2002), Wang et al.
(2017)

Hu et al. (2007),
Huang et al.
(2018)

Gao et al. (2016),
Huang et al.
(2011), Liu, Wang,
et al. (2016), Zhao
et al. (2014)
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Classification

ClinVar DVD? ACMG

NI P P

NI LP P

P/LP P P

VUS P LP

LP P P

ACMG criteria

PM2: gnomAD genomes East Asian
allele frequency = 0.00005437
<0.00007

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in five patients

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2: Not found in gnomAD

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in one patient
and phase unknown in six patients

PP4: Patient's phenotype highly
specific for gene

PVS1: Null variant in the gene with
established LOF as a disease
mechanism

PM2: Not found in gnomAD

PM3_VeryStrong: Pathogenic mutation
confirmed in trans in four patients
and phase unknown in one patient

PP4: Patient's phenotype highly
specific for gene

PM2: gnomAD genomes allele
frequency = 0.00001594 <0.00007

PM3_Strong: Homozygous confirmed
in trans in four patients and
pathogenic mutation phase
unknown in one patient

PP1_Strong: Segregation in three
affected relatives and one
unaffected relative

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

GnomAD genomes East Asian allele
frequency = 0.001353 >0.0007, not
apply to PM2

PM3_Strong: Pathogenic mutation
confirmed in trans in one patient
and phase unknown in 4 patients

PP3: REVEL score >0.7

PP4: Patient's phenotype highly
specific for gene

PM2: Not found in gnomAD
PM3_VeryStrong: Pathogenic mutation
confirmed in trans in one patient

and phase unknown in six patients
PP3: REVEL score >0.7
PP4: Patient's phenotype highly
specific for gene

(Continues)
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TABLE 3 (Continued)

Classification
No. Variants Patients Reference ClinVar DVD? ACMG ACMG criteria
29 c.1991C>T 32 Han et al. (2017), NI P P PM2: Not found in gnomAD
p-Ala664Val Huang et al. PM3_VeryStrong: Pathogenic mutation
(2011), Zhao et al. confirmed in trans in one patient
(2014) and phase unknown in six patients
PP3: REVEL score >0.7
PP4: Patient's phenotype highly
specific for gene
30 ¢.1299dup 33-1, NI P P PVS1: Null variant in the gene with
Frameshift 33-2 established LOF as a disease

Variants are based on SLC26A4 canonical transcript NM_000441.2.

“Deafness variation database.

ACMG guidelines, and the pathogenicity needs to be cu-
rated. In our study, we collected and sequenced samples of
probands and parents, and analyzed the sequencing results at
the same time, which helped detect the pathogenic variants
of patients.

Several NGS panels targeting the exon and flanking re-
gions of EVA-related genes have been designed for diag-
nosing EVA patients. Liu, Wang, et al. (2016) designed a
panel based on multiplex PCR and NGS for sequencing of
exon regions of EVA pathogenic genes, including SLC26A4,
FOXII, and KCNJI0, and found biallelic potential patho-
genic variants in 27/46 (59%) patients (Liu, Wang, et al.,
2016). More recently, Lin et al. (2019) developed an NGS
panel targeting the entire length of three genes (SLC26A4,
FOXI1, and KCNJ10), as well as the exons of 10 other EVA-
related genes. They performed tests in 50 EVA families,
which were negative for two hotspot mutations (c.919-2A>G
and ¢.2168A>G), and the diagnostic yield for this panel is
84.7% (Lin et al., 2019). The diagnostic yield of our panel
was higher compared to those of two panels but is close to
another that reported a 90% diagnostic rate, which sequenced
the 21 exons of the SLC26A4 gene by PCR and Sanger se-
quencing in 107 Chinese EVA patients (Wang et al., 2007).
Two reasons may explain the higher diagnostic yields of our
panel: (a) a trio-sequencing strategy was exploited for most
of the patients, which is helpful for the detection and patho-
genicity interpretation of mutations; (b) the cohort in our
study (mainly Chinese in Henan Province) may have a higher
detection rate of SLC26A4 mutations, as discovered by a mo-
lecular epidemiology study (Yuan et al., 2012).

mechanism
PP1: Segregation in one affected
relative
PM2: Not found in gnomAD
PM3_Strong: Pathogenic mutation
phase known in two patients
PP4: Patient's phenotype highly
specific for gene

The multiplex PCR has a few limitations. First, multiplex
PCR enrichment and NGS can only detect single nucleotide
variants (SNVs) and small indels, but not copy number vari-
ants (CNVs). Indeed, several CNVs in the SLC26A4 gene
have been reported (Anwar et al., 2009; Hu et al., 2007; Pang,
Chai, He, et al., 2015; Pera et al., 2008; Sloan-Heggen et al.,
2016) and CNVs are a common cause of non-syndromic HL
(Shearer et al., 2014). Allele dropout represents the other
risk of misdiagnosis for multiplex PCR based methods (Blais
et al., 2015). Cautious primer design avoiding to have poly-
morphism sites at the ends of primers could decrease the risk
of misdiagnosis. One solution would be to long-distance PCR
and NGS of the whole SLC26A4 gene, which can detect all
types of variants.

In conclusion, we designed an assay based on multi-
plex PCR enrichment and NGS to identify variants of the
SLC26A4 gene in EVA patients, showing that the diagnostic
rate was 95.54% for 112 families. The assay is fast and eco-
nomical; it requires only a small amount of sequencing data
(10 Mbp) and can be completed in three days. This new assay
can be used as a first-round test for EVA patients with satis-
factory diagnosis yields in clinical applications.
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